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The puprose of t h i s  r e p o r t  i s  t o  p resen t  a  d e t a i l e d  t e c h n i c a l  d i s c u s s i o n  of 
a n a l y t i c a l  and e n p i r i c a l  work .,$hick has been completed t o  o b t a i n  a va l ida ted  d i g -  
i t a l  computer program f o r  p r e d i c t i n g  the  d i r e c t i o n a l  response of t r u c k s  and a r t i c -  
u la t ed  veh ic les .  
The a n a l y t i c a l  work f o r  t h i s  d i r e c t i o n a l  response program preceded by t h e  
development of a  computer based p a t h e - a t i c a l  re thod f o r  p r e d i c t i n g  t h e  braKing 
performance of t r u c k s  and t r a c t o r - t r a i l e r s  [l]. The new d i r e c t i o n a l  response pro- 
gram c o n t a i n s  a l l  of t h e  brake,  suspension,  and t i r e  modellng f e a t u r e s  which were 
included i n  t h e  previous  braking performance program. Thus i t  i s  now poss ib le  t o  
use t h i s  new program t o  compute truc.k and t r a c t o r - t r a i l e r  d i r e c t i o n a l  response  
dur ing  combined b rak ing  a ~ d  t u r n i n g  maneuvers. A conc i se  surnnary, encompassing 
a l l  t h e  f e a t u r e s  of both the  braking performance and t h e  d i r e c t i o n a l  response pro- 
grams, i s  presented under s e p a r a t e  cover [ 2 ] .  
The next  s e c t i o n  of t h i s  r e p o r t  con ta ins  f 1 )  a  d e s c r i p t i o n  of t h e  coord ina te  
systems used t o  x r i t e  the  equa t ions  of motion and ( 2 )  a  d i s c u s s i o n  of the  equa- 
t i o n s  f o r  express ing  f a )  t h e  displacements ,  v e l o c i t i e s ,  and a c c e l e r a t i o n s  of per- 
t i n e n t  p o i n t s  i n  t h e  veh ic le  and f b )  t h e  angu la r  o r i e n t a t i o n s ,  v e l o c i t i e s ,  and 
a c c e l e r a t i o n s  of t h e  va r ious  sprdng and unsprung masses xh ich  make up the  veh ic le .  
S e c t i o n  3 p r e s e n t s  t h e  mathematical  models used t o  compute t h e  f o r c e s  and 
moments a c t i n g  on the  sprung and unsprung masses. P a r t i c u l a r  a t t e n t i o n  i s  paid 
t o  d i s c u s s i n g  (1) t h e  l a t e r a l  and l o n g i t u d i n a l  shea r  f o r c e s  generated a t  t i r e -  
road i n t e r f a c e ,  ( 2 )  t h e  f o r c e s  and moments coupled through t h e  f i f t h  wheel con- 
nec t ion ,  ( 3 )  t h e  g r a v i t a t i o n a l  f o r c e  due t o  an i n c l i n e d  roadway, (4) t h e  i n f l u -  
ence of t h e  mechanics of t h e  s t e e r i n g  system, and ( 5 )  t h e  in f luence  of wind 
loading.  
S e c t i o n  4 con ta ins  a  s h o r t  t e c h n i c a l  sunrnary of t h e  s i z e  and o t h e r  opera t ion-  
a l  a s p e c t s  of t h e  d i g i t a l  computer s imula t ion .  The measurement of t h e  veh ic le  
parameters needed t o  opera te  t h e  s i m u l a t i o n  i s  d iscussed i n  S e c t i o n  5. S e c t i c n s  
6 and 7 c o n t a i n  comparisons between measured and computed t ruck  and t r a c t o r -  
t r a i l e r  maneuvers, lnc lud ing  s t eady  t u r n s  and braking ir-. a  tu rn .  Measured and 
s imulated r e s u l t s  a r e  given f o r  a  v a r i e t y  of load ing  and s u r f a c e  c o n d i t i o ~ . ~ ,  in-  
c lud ing  empty and loaded veh ic les  on a  d ry  s u r f a c e  and empty veh ic les  on a  wet 
s u r f a c e .  The body of t h e  r e p o r t  c l o s e s  w i t h  a  b r i e f  summary of t h e  u t i l i t y  of 
t h i s  program. 
A l i s t  of symbols i s  g iven i n  Appendix A,. A d e t a i l e d  d i s c u s s i o n  of Euler  
angles  i s  g iven i n  Appendix B, followed by t h e  equat ions  of motion i n  Appendix C .  
D e t a i l s  on t h e  o rde r ing  of t h e  inpu t  d a t a  a r e  g iven i n  Appendix D followed by 
flow c h a r t s  i n  Appendix E and t h e  d a t a  used i n  the  v a l i d a t i o n  runs  i n  ,t,ppendix F. 
An ex tens ive  l i s t  of measured t i r e  d a t a  i s  given i n  Appendix S, and a  ;short  a l -  
gor i thm which may be used t o  compute t i r e  parameters i s  g iven i n  Appendix H. 

3.0 AXIS SYSTiXS A?;C KINEMPTICS 
2 .1  ITiTRODUCTIJiL' 
The vehicle  t o  be s i m l a t e  by the  d i g i t a l  computer program may have up t 3  
t h i r t y - t w o  degrees of freedom, wi th  c a l c u l a t i o n s  t ak ing  place  in  up t o  f i v e  co- 
o rd ina te  systerrs. Sec t ion  2 gives an overview of the  mathematical forrrula t ion,  
including some kinematic d e t a i l s  necessary f o r  the  explanat ion of the  various 
mathematical models. The coordinate  systems and some explanat ion of the  methods 
of computation of sprung mass and unsprung mass motion a r e  given, bl;t the  d e t a i l s  
~ f  t h e  var ious  suspension and s t e e r  models a r e  l e f t  t o  Sec t ion  3 and Appendix i: . 
2.2 TH3 AXIS SYSTEE 
The l a r g e  number of t r a n s l a t i o c a l  and r o t a t i o n a l  degrees of freedom required 
t o  represen t  a  t r a c t o r - t r a i l e r  precludes the use of only one coordinate  system. 
In  f a c t ,  the  equat ions  of motion may be most e a s i l y  w r i t t e n  i f  s e v e r a l  systems 
a r e  used. The purpose of t h i s  s e c t i o n  i s  t o  i d e n t i f y  the  '1) orientat:.on and 
purpose of t h e  various a x i s  systems, and ( 2 )  t o  i d e n t i f y  the  t ransformat ion var- 
i a b l e s  used t o  r e l a t e  the u n i t  vectors  i n  the  various systems. The s e t s  of axes 
t o  be descr ibed a r e  the i n e r t i a l  axes ,  the  body axes,  and the  unsprung mass axes.  
Most of t h e  mathematical d e t a i l s  w i l l  be found i n  Appendix B. 
2 .2 .1  SYSTEM I .  - THE INERTIAL AXES. Since Newton's laws a r e  va l id  only 
f o r  a c c e l e r a t i o n s  measured from an i n e r t i a l  r e fe rence ,  it is necessary t o  have one 
s e t  of f i x e d  axes.  This s e t  of w e s ,  which s h a l l  be termed the  [ X N ,  Y N ,  ZN] sys- 
tem, has i t s  o r i g i n  a t  the  sprung mass cen te r  of the  vehicle  a t  time zero.  The 
vehicle  w i l l  always be assumed t o  s t a r t  wi th  the  fol lowing o r i e n t a t i o n :  
XN i s  out  t h e  f r o n t  of t h e  vehicle ,  
YN i s  ou t  t h e  r i g h t  door,  
ZTI i s  v e r t i c a l l y  downward, normal 50 the  plane of the  road. 
A 
The s e t  of u n i t  vectors  i n  the  XnT, YN, and ZN d i r e c t i o n s  a r e  defined a s  xn, 
A  A 
yn, and zn respec t ive ly .  The [ X N ,  YPJ, ZTJ] system i s ,  of course ,  f ixed ,  and the re -  
A A  A 
f o r e  the  time d e r i v a t i v e s  of the  u n i t  vectors ,  xn, ynA and zn are  i d e r t i c a l l y  zero.  
I t  should be noted t h a t  t h e r e  i s  no requirement t h a t  zn be v e r t i c a l  ( i . e . ,  i n  the  
d i r e c t i o n  of g r a v i t a t i o n a l  f o r c e s ) .  I t  w i l l  be shown in  a  subsequent s e c t i o n  t h a t  
non-ver t i ca l  i n  may be chosen t o  s imuiate  an inc l ined  roadway. 
2.2.2 SYSTEM 11. - THE BODY A X E .  To f a c i l i t a t e  the  calcula t ior i  of the  l o -  
c a t i o n  and ve loc i ty  of po in t s  on the  sprung mass, it i s  convenient t o  use a  sys-  
tem of so -ca l l ed  body axes .  This s e t  of axes,  which s h a l l  be termed the  [XB, YB, 
ZB] system, i s  co inc iden t  wi th  [XN, YN, Z N ]  a t  time zero,  but remains f ixed  i n  the  
sprung mass. The t ransformat ion from t h i s  s e t  of axes t o  the  iner t ia : .  s e t  may be 
def ined a s  
A A 
[Gn yn zn] 
A A A  
[xb yb zb] 'ai  j) 
A A A  
[Gb $b i b ]  = [xn yn z n ] ( a . .  ) 
J 1 
where the  a i j  a r e  func t ions  of the  r o l l  angle ,  0, the  p i t c h  acg le ,  9, and the yaw 
angle ,  1. These so -ca l l ed  Euler angles  and the  t r a n s f  ormation equat ion i 2 - l ) ,  
a r e  considered i n  d e t a i l  i n  Appendix B. 
I n  t h e  case of an a r t i c u l a t e d  vehicle ,  t h e r e  w i i l  be t w 3  s e t s  of body axes;  
one f o r  the  t r a c t o r  and one f o r  the  t r a i l e r .  The t r a i l e r  body axes,  which s h a l l  
A 
be termed t h e  [TXB, TIB, TZB] system, have u n i t  vectors  t$b, t t b ,  ant1 t z b  i n i -  
A A A  
t i a l l y  i n  the  d i r e c t i o n  of xn, yn, and zn, r e s p e c t i v e l y .  These axes remain f ixed  
i n  t h e  t r a i l e r  sprung mass. The t r ans format ion  from t h i s  s e t  of axes t o  the  ine r -  
t i a l  s e t  may be de f ined  as :  
A  A  
[xn, yn, i n ]  = [ t i b ,  t$b, t i b ] ( t a .  .) ( 2-2a'i 
1J 
2.2.3 SYSTEM 111. - TEE UNSPRUNG MPSS AXES. To f a c i l i t a t e  t h e  c a l c u l a t i o n  
of shear  f o r c e s  a t  t h e  t i r e l r o a d  i n t e r f a c e ,  it i s  convenient t o  d e f i n e  one more 
s e t  of axes .  This s e t  of axes,  which s h a l l  be termed the  [Xl, Y 1 ,  Z l ]  system, has 
A  
i t s  o r i g i n  a t  t h e  road l e v e l  on a  l i n e  i n  the  zn d i r e c t i o n  through t h e  sprung mass 
cen te r .  I t  i s  r equ i red  t h a t  
A 
Since  z l  is  normal t o  t h e  road, 21 and $1 a r e  i n  the  plane of the  road, and the  
o r i g i n  of [Xl, Y 1 ,  Z l ]  must t r a n s l a t e  wi th  t h e  component of the  sprung mass ve- 
l o c i t y  which i s  ir .  the  road '-plane. 
This s e t  of axes is cons t ra ined  t o  yaw wi th  the  vehicle  sprung mass. The 
t ransformat ion from t h i s  s e t  of axes t o  the  i n e r t i a l  s e t  i s  
cos$-sin$ 0 
A A A  
[ x l ,  y l ,  z l ]  = [xn, yn, 21-11 s in$  cos$ 0  
0 1 ,  
where J, is  t h e  yaw angle .  I n  a d d i t i o n ,  i t  may be shown t h a t  
cosJ, s i n v  0 
A A A  
[xn, yn, zn] = [ x l ,  y l ,  z l ]  -s in$ cos$ O ( 2-4b) 
The t ransformat ion between t h e  unsprung mass axes and t h e  body axes may be 
w r i t t e n  
where 
A A A  
$1, $1, 211 = [xb, yb, zb]i b i j )  
[Gb, $b, gb] = [ h ,  $1, ill( b . . )  
J 1  
I n  the  case  of an a r t i c u l a t e d  veh ic le ,  t h e r e  w i l l  be two s e t s  of unsprung 
mass axes;  one f o r  the  t r a c t o r  and one f o r  the  t r a i l e r .  The t r a i l e r  unsprung mass 
system, which s h a l l  be termed the  [TXl, TY1, TZl] system, has i t s  o r i g i n  on the  
A 
road l e v e l  on a  l i n e  i n  t h e  zn d i r e c t i o n  through the  t r a i l e r  sprung mass c e n t e r .  
I t  w i l l  be requ i red  t h a t  
I T r a i l e r  Sprung Mass 
F ig l~ re  2-1. Schematic diagram o f  t h e  a r t i c u l a t e d  veniz le  
Thus, t h  and $1 a r e  i n  t he  plane of t he  road, and the  o r i g i n  of [TXl, TYl, TZl] 
must t r a n s l a t e  with t he  component of the  sprung mass center  ve loc i ty  which i s  i n  
t he  road plane. 
This s e t  of axes i s  constrained t o  yaw with the  t r a i l e r  sprung mass. The 
t ransformation from t h i s  s e t  of axes t o  the i n e r t i a l  s e t  i s  
A A A  
[ t x l ,  t y l ,  t z l ]  = 12-7a) 
where $ t  i s  the t r a i l e r  yaw angle. It may be shown t h a t  
cos$t s in$ t  0 
jxn, yn, zn] = [ t x l ,  t y l ,  t z l ]  ( 2 -  P) 
I t  w i l l  be shown in Sec t ion  j t h a t  t he re  i s  no geometric cons t r a in t  between 
t r a c t o r  and t r a i l e r  in  t he  mathematical model; both the t r a c t o r  and the  t r a i l e r  
sprung mass a r e  considered t o  have s i x  independent degrees of freedom. Therefore, 
no t ransformation equation between the body ax is  systems has been wr i t t en .  A 
schematic diagram of an a r t i c u l a t e d  vehicle  i n  an a r b i t r a r y  o r i en t a t i on  i s  shown 
i n  Figure 2-1. 
2 .3  THE KINEMATICS OF THE SPRUNG MASS 
This s ec t ion  w i l l  be concerned both with de f in i t i ons  of var iab les  and w i t h  
c e r t a i n  a lgebra ic  manipulations chosen t o  l a y  t he  groundwork f o r  the  equations of 
motion. Since no geometric cons t r a in t  between t r a c t o r  and t r a i l e r  has been as- 
sumed i n  t h i s  model, a l l  t he  kinematic arguments w i l l  be made f o r  a  un i t  vehicle 
sprung mass. Analogous arguments apply t o  the  t r a i l e r  i n  the  case of an a r t i c u -  
l a t e d  vehicle .  
The ve loc i ty  of the  sprung mass center  can be wr i t t en  as  
where u  i s  ca l l ed  the  longi tudina l  ve loc i ty ,  v the  l a t e r a l  ve loc i ty ,  and w the 
v e r t i c a l  ve loc i ty  of the sprung mass center .  Use of Equation (2-1)  i n  Equation 
(2-8a) allows the ve loc i ty  t o  be expressed with respec t  t o  the i n e r t i a l  system, 
v iz .  
The components of 7 given i n  Equation (2-8b) can be in tegra ted  t o  obtain the 
i n e r t i a l  coordinate pos i t ions  XN, YN, and ZN of the sprung mass center .  
It becomes necessary t o  compute the pos i t ion  of other  points  on the sprung 
mass t o  f ind  the suspension forces .  This computation may be f a c i l i t a t e d  by con- 
s ide r ing  a  point  p  on the vehic le  sprung mass. Assume a  vector  ; from the mass 
center  t o  the point  p where 
I n  terms of i n e r t i a l  un i t  vec tors ,  7 may be wr i t t en  
- 
o = (XS a  + YS ael + ZS a  )Pn 
11 3 1 
The distance of any sprung mass point  below s t a t i c  equil ibr ium pos i t ion  of the  
sprung mass center  i s  
Equation (2-10) w i l l  be used in  the suspension model. 
It i s  a l s o  necessary t o  ca l cu l a t e  t he  ve loc i ty  of the a r b i t r a r y  sprung mass 
point.  Since the vec tor  t o  the point  p  from the o r ig in  of [ X N ,  YN, ZN] i s  
the ve loc i ty  i s  
where the [XB, YB, ZB] system r o t a t e s  with angular veloci ty,  z. Equation (2-12)  
may be wr i t t en  
where u, v, and w a r e  the components of the ve loc i ty  of the sprung mass center  
along the d i rec t ions  of the body axes. The angular ro t a t i on  vector may be de- 
f ined a s  
- A A A 
w = pxb + qyb + r zb  (2-14) 
where p, q ,  and r a r e  t h e  r o t a t i o n  r a t e s  i n  r o l l ,  p i t c h ,  and yaw, r e s p e c t i v e l y .  
Using from Equation (2-9a)  we have 
Thus, i n  body a x i s  n o t a t i o n ,  t h e  v e l o c i t y  of t h e  sprung mass p o i n t  I s  
which may be r e w r i t t e n  
- 
P = ( u u ) i b  + ( w ) $ b  + (ww);b 
Using Equation ( 2 - 1 ) )  t h e  r igh t -hand  s i d e  of Equation (2-17)  may be expressed 
i n  terms of f i x e d  v e c t o r s .  
  he 2n component of t h e  r ight-hand s i d e  of Equation (2-18)  w i l l  be u s e f u l  i n  
t h e  c a l c u l a t i o n  of t h e  suspension v e l o c i t y ,  a  q u a n t i t y  needed f o r  t h e  coulomb 
f r i c t i o n  model.) 
A t  t h i s  s t a g e ,  it i s  a p p r o p r i a t e  t o  d e f i n e  t h e  a c c e l e r a t i o n  of t h e  sprung 
mass c e n t e r .  D i f f e r e n t i a t i o n  of t h e  sprung mass v e l o c i t y  v e c t o r  given i n  Equation 
(2-8a)  l e a d s  t o  
- A A A ; = $b + $b + 3:b + E x (uxb +vyb + wzb) (2-19)  
which a f t e r  c a r r y i n g  out  t h e  c r o s s  product produces t h e  fo l lowing  r e s u l t :  
Appl icat ion of Newton's law y i e l d s  
where M i s  t h e  sprung mass and ?? i s  the  t o t a l  f o r c e  app l ied  t o  t h e  sprung mass. 
It i s  convenient  t o  s e t  t h e  s c a l a r  components of Equation (2-20) equa l  t o  t h e  
a p p r o p r i a t e  components of t h e  e x t e r n a l  f o r c e s  on the  sprung mass i n  o rder  t o  f i n d  
fi, i, and 4. (The v e l o c i t y  components, u, v, and w ,  a r e  found by i n t e g r a t i n g  h, 
G, and G, r e s p e c t i v e l y . )  
Next, cons ide r  the  r a t e  of change of angu la r  momentum of t h e  sprung mass 
about t h e  sprung mass c e n t e r .  This  may be w r i t t e n  
where 
I is t h e  r o l l  moment of i n e r t i a  
XX 
I i s  t h e  p i t c h  moment of i n e r t i a  
YY 
I is t h e  yaw moment of i n e r t i a  
Z z  
I = ,f xz dm 
xz 
L a t e r a l  symmetry has been assumed ( i . e . ,  I and I a r e  assumed t o  be 
z e r o ) .  XY Y z 
The r a t e  of change of angu la r  momentum, Ti, is  used i n  t h e  equa t ion  
where T is t h e  t o t a l  moment app l ied  t o  t h e  sprung mass. The s c a l a r  components of 
Equation /2 -22)  a r e  s e t  equa l  t o  t h e  a p p r o p r i a t e  app l ied  moments i n  o r d e r  t o  f i n d  
6, 6, and ?. (The angu la r  v e l o c i t y  components, p, q ,  and r a r e  found by i n t e -  
g r a t i n g  $, 4, and i-, r e s p e c t i v e l y . )  
These equa t ions  of t h e  sprung mass, i n  s c a l a r  form, permit  us t o :  
f 1 )  I n t e g r a t e  t h e  a c c e l e r a t i o n s  t o  o b t a i n  t h e  angu la r  and t r a n s l a t i o n a l  
v e l o c i t y  components of the  sprung mass. 
( 2 )  Perform t h e  a p p r o p r i a t e  t r ans format ions  t o  a l low i n t e g r a t i o n  of t h e  
angu la r  and t r a n s l a t i o n a l  v e l o c i t y  t o  f i n d  t h e  angu la r  and t r a n s l a t i o n a l  
p o s i t i o n  of t h e  sprung mass. (The d e t a i l s  of t h e  t r a n s f  orrnat ions r e -  
qu i red  t o  i n t e g r a t e  t h e  angu la r  v e l o c i t y  a r e  given i n  P,ppendix B, where- 
a s  t h e  t r ans format ions  r e q u i r e d  t o  i n t e g r a t e  t r a n s l a t i o n a l  v e l o c i t y  a r e  
given by a  s t r a i g h t f o r w a r d  a p p l i c a t i o n  of Equation / 2-1) .) 
To e v a l u a t e  t h e  f o r c e s  and moments appear ing i n  Equations (2 -21)  and ( 2 - 2 3 ) )  
it is  r e q u i r e d  t h a t  t h e  l o c a t i o n  and v e l o c i t y  of the  a x l e s  be known. This t o p i c  
is  considered below. 
2.4 KINMTICS OF THE UNSPRUNG MASSES 
I n  o r d e r  t o  compute t h e  r e a c t i o n s  a t  t h e  t i r e - r o a d  i n t e r f a c e  and the  suspen- 
s i o n  f o r c e s ,  t h e  l o c a t i o n s  and v e l o c i t i e s  of t h e  a x l e s  r e l a t i v e  t o  t h e  sprung mass 
must be determined. Cons idera t ion  of t h e  a r t i c u l a t e d  veh ic le  doubles the  s i z e  of 
t h e  problem but  n o t  t h e  d i f f i c u l t y ;  f o r  each c a l c u l a t i o n  of t h e  v e l o c i t y  and pos- 
i t i o n  of t h e  a x l e s  on t h e  t r a c t o r  t h e r e  is a  d i r e c t l y  analogous c a l c u l a t i o n  f o r  
t h e  t r a i l e r .  Therefore ,  i n  t h i s  s e c t i o n ,  we s h a l l  cons ide r  only  t h e  kinematics of 
t h e  unsprung masses a s s o c i a t e d  wi th  t h e  t r u c k  o r  t r a c t o r .  The equa t ions  a p p l i -  
cab le  t o  t h e  t r a i l e r  a x l e s  a r e  g iven  i n  Appendix C .  
Consider an a r b i t r a r y  po in t ,  p f  , i n  t h e  unsprung mass system. Assume a  vec- 
t o r  p from t h e  o r i g i n  of t h e  unsprung mass system t o  t h e  p o i n t  p '  where 
For a l l  p o i n t s  on t h e  unsprung mass, X U  and YU a r e  assumed f i x e d ;  2U, h m e v e r ,  i s  
v a r i a b l e .  .? vec to r  from t h e  o r i g i n  of t h e  i n e r t i a l  system t o  p '  may be v r i t t e n  
where h  is the  pe rpend icu la r  d i s t a n c e  from the  sprung pass c e n t e r  t o  t h e  road and - 
R i s  a  vec to r  from t h e  o r i g i n  of the  i n e r t i a l  sys tem t o  t h e  sprung nass  c e n t e r .  
Thus, t h e  v e l o c i t y  of t h e  p o i n t  p '  ( w i t h  r e s p e c t  t o  t h e  i n e r t i a l  r e f e r e n c e )  is 
where 
- 
V i s  def ined i n  Equation (2-8) 
h i s  the  negat ive  of the  $1 component of 7 j Note: ;1 l?n\ 
$ i s  t h e  r a t e  of r o t a t i o n  of t h e  unsprung mass a x i s  system [Xl, Y 1 ,  211. 
Equation 12-26) may be expanded i n t o  a  more u s e f u l  form. F i r s t ,  the sprung 
A A 
mass v e l o c i t y  Tj may be w r i t t e n  i n  terms of the  u n i t  vectors  x l ,  y l ,  and G1. 
Expansior, of t h e  c r o s s  product i n  Equation (2-26)  y i e l d s  
S u b s t i t u t i o n  of Zquations (2-27) and (2-28)  i n t o  (2 -26)  l eads  t o  the  fol lowing 
r e s u l t :  
dF S ince  XU and W have been assumed t o  be cons tan t ,  may only 
[Xl, Y 1 ,  Z l j  
be i n  t h e  i1 d i r e c t i o n .  
The above assumption may be r e s t a t e d  i n  the  fol lowing way: The t r a c k  and wheel- 
A 
base,  when viewed from the z l  d i r e c t i o n ,  remain cons tan t .  This may be expected 
t o  be very accura te  i n  the  presence of the  magnitude r o l l  and p i t c h  angles  en- 
countered i n  even very  severe  maneuvers of t rucks  and t r a c t o r - s e m i t r a i l e r s .  
I n  o rder  t o  compute t h e  f o r c e s  of c o n s t r a i n t  between the  unsprung masses and 
t h e  sprung mass, it i s  necessary t o  express  t h e  a c c e l e r a t i o n  of the  unsprung mass 
po in t .  D i f f e r e n t i a t i o n  of Equation (2-26)  l e a d s  t o  
Noting t h a t  
and t h a t  7, which was given i n  Equation (2 -20) ,  may be r e w r i t t e n  
where 
a more useful  form of Equation (2-31) i s  obtained, viz . ,  
Equation f 2-35) i s  used i n  ca l cu l a t i ng  the  forces  of cons t ra in t  between the 
sprung and unsprung masses. 
2.5 S W R Y  
Since it i s  qu i t e  tedious j u s t  t o  keep t r ack  of the various reference systems, 
a l l  of the reference systems a re  l i s t e d  i n  Table 2-1. 
TABLE 2-1 
Reference Systems 
Name Notation Rotation Vector Us e 
I n e r t i a l  XN, YN, ZN 0 Location of the vehicle. 
Observation point f o r  
acce lera t ions  and ve loc i t i e s  
Body, Tractor or XB, YB, ZB pib + $b + rgb Convenient f o r  ca lcu la t ion  
S t r a igh t  Truck of r o t a t i o n a l  equations of 
sprung mass 
Semi t ra i le r  TXB, TYB, TZB p t - x t b  + qt .y tb  
+ r t - z t b  
Unsprung Mass X 1 ,  Y 1 ,  Z 1  $1 
Tractor or 
S t r a igh t  Truck 
Convenient f o r  ca lcu la t ion  
of shear forces  a t  the 
t i re / road  in te r face  
Semi t ra i le r  T X ~ ,  nl, T Z ~  lit z t l  
The transformation equations, which are  given b r i e f l y  i n  Equation (2-1)  and 
i n  d e t a i l  i n  Appendix B, a r e  used i n  the representa t ion  of the forces ,  moments, 
and ve loc i t i e s  i n  the various coordinate systems, The equations of motion yield-  
ing the components of the t r a n s l a t i o n a l  acce lera t ion  and the components of the 
r a t e  of change of angular momentum a re  derived from Equations (2-21) and (2-231, 
respect ively.  Equation (2-33) i s  used t o  compute the t r a n s l a t i o n a l  acce lera t ion  
of the unsprung masses; these acce lera t ions  a r e  used t o  ca lcu la te  the cons t ra in t  
forces between the sprung and unsprung masses. It i s  assumed t h a t  the unsprung 
masses must yaw with the sprung mass, but they can r o l l  as determined by the 
forces and moments applied t o  them. 
Various other  equations have been given f o r  the  p w i t i o n s  and ve loc i t i e s  of 
various points on the  sprung or  unsprung masses. These equations w i l l  be re fer red  
t o  below when discussing and explaining the various suspension models and the 
model used t o  represent  the  pneumatic t i r e s .  
1 LXTRODUCTION 
Thv s imula t ion  c o n s i s t s  ol' a l a r q e  number (31' i n :  c,rc8.1nnc~~-t.o~i nl1:or.i t funs, c,:~ith 
one made up 01' equa t ions  der ived t o  model some aspt>~!t, ot' tht. motion 01'  I ht. v c ~ h i ~ ~ l t ~ .  
The purpose of t h i s  s e c t i o n  i s  t o  l i s t  t h e  p e r t i n e n t  assumptions and demonstrati. 
t h e  a n a l y t i c a l  b a s i s  f o r  these  models. 
The t i r e  model i s  d iscussed f i r s t ,  s i n c e  t h e  f o r c e s  a t  the  t i r e - r o a d  i n t e r f a c e  
a r e  a  necessary p a r t  of t h e  exp lana t ions  of  t h e  o the r  models. This d i scuss ion  i s  
d iv ided  i n t o  s e v e r a l  s e c t i o n s  d e a l i n g  r e s p e c t i v e l y  w i t h  t h e  fo rces  generated a t  t h e  
t i r e - r o a d  i n t e r f a c e ,  complicat ions  a r i s i n g  i n  t h e  wheel r o t a t i o n a l  equat ions  and i n  
s imula t ing  low v e h i c l e  speeds,  and t h e  s p e c i a l  e f f e c t s  of dua l  t i r e s ,  
Next, t h e  equat ions  of  motion of a  s i n g l e  a x l e  suspension a r e  considered i n  
cons ide rab le  d e t a i l .  The a n a l y s i s  of t h e  tandem a x l e  saspensions  i s  then  shown t o  
follow from t h e  s i n g l e  a x l e  a n a l y s i s  and work d e t a i l e d  p rev ious ly  i n  iieference 1. 
The suspension a n a l y s i s  i s  followed by an exp lana t ion  ~f  t h e  mcdel of t h e  s t e e r i n g  
system, i n c l u d i n g  def lec t io 'n  s t e e r  and compliance s t e e r ,  and an a n a l y s i s  of t h e  
c o n s t r a i n t  between t r a c t o r  and s e m i t r a i l e r  of an a r t i c u l a t e d  vehicle .  The l a s t  two 
p a r t s  of t h i s  s e c t i o n  concern t h e  equat ions  of motion of t h e  veh ic le  on an i n c l i n e d  
roadway, and an exp lana t ion  of t h e  use  of t h e  program t o  s imula te  wind loading. 
3.2 THE TIRE MODEL 
3.2.1 NORIvIAL FORCES AT T Z  TIRE-ROAD INTERFACE. The normal f o r c e  a t  t h e  t i r e -  
road i n t e r f a c e  i s  assumed t o  be t h e  sum of t h e  s t a t i c  normal load on t h e  t l r e  p l u s  
(1) t h e  product ~ f  t h e  change i n  d i s t a n c e  between t h e  wheel c e n t e r  and t h e  road and 
t h e  t i r e  s p r i n g  r a t e ,  KT, and ( 2 )  t h e  product of t h e  v e r t i c a l  v e l o c i t y  of t h e  wheel 
c e n t e r  and t h e  t i r e  d i s s i p a t i o n  cons tan t ,  CT. I n  a l l  cases ,  t h e  n ~ r m a l  f o r c e  i s  
i n  t h e  $ 1  d i r e c t i o n ,  i. e. , perpendicular  t o  t h e  road. As was pointed out i n  Sec- 
t i o n  2 ,  t h e  21 d i r e c t i o n  need not be a l igned  wi th  t h e  d i r e c t i o n  of t h e  g r a v i t a t i o n a l  
force.  The u n i t  vec to r  i s ,  however, a  constant .  
It should be noted t h a t  it i s  no t  assumed t h a t  t h e  road sur face  i s  smooth. A 
road p r o f i l e  d e s c r i p t i o n ,  i n  f u n c t i o n a l  or coord ina te  form, may be introduced i n t o  
t h e  programs. However, t h e  d i r e c t i o n  of t h e  normal f o r c e  a t  t h e  t i r e - r o a d  i n t e r -  
f a c e  i s  assumed t o  be cons tan t ,  t h u s  t h e  f o r e - a f t  or  l a t e r a l  fo rces  t h a t  might be 
expected due only t o  t h e  p a r t i c u l a r  shape of road undulat ions  w i l l  not be p r e d i c t e d  
by t h i s  model. 
3.2.2 SHEAR FORCES AT THE TIRE-ROAD INTERFACE. The v e l o c i t y  of any wheel 
c e n t e r  ( s e e  Equation ( 2 - 2 9 ) ) )  i s  repeated here  f o r  convenience. 
where 
U l  i s  t h e  v e l o c i t y  of t h e  sprung mass c e n t e r  i n  t h e  d i r e c t i o n  
51 r a t e  of  change of v e h i c l e  yaw ang le  
YU i s  t h e  h a l f  t r a c k  
A 
XU i s  t h e  d i s t a n c e  i n  t h e  x l  d i r e c t i o n  from t h e  sprung mass c e n t e r  t o  
t h e  wheel cen te r .  
The v e l o c i t y  of t h e  wheel c e n t e r  i n  t h e  p lane  of t h e  road i s  p r e c i s e l y  t h e  
f i r s t  two terms of Equation (3-1). Thus, t h e  v e l o c i t y  components, u i  and v i  of 
A t h e  wheel c e n t e r  i n  t h e  $1 and y l  d i r e c t i o n s ,  r e s p e c t i v e l y ,  a r e :  
It i s  a l s o  necessary t o  determine uw, t he  l ong i tud ina l  ve loc i ty  component i n  
t he  wheel plane : 
uw = ui. cosb + v i a  s in6  (3-3)  
where F i s  t h e  s t e e r  angle. F ina l ly ,  t h e  t i r e  s i d e s l i p  angle Cz i s  given by ( s e e  
Figure 3-1) 
- 1 
v i  
O = t a n  - - E 
u i  
The components of t h e  t i r e  forces  i n  t he  hor izonta l  plane a r e  computed wi th  
t h e  a i d  of a  comprehensive t i r e  model developed i n  a  previous HSRI study [3] .  The 
longi tudina l  and l a t e r a l  f0rc.e components i n  t h e  t i r e  a x i s  system ( s e e  Figure 3-2) 
a r e  given by 
where 
f ( h )  = ( 2  - h)h  f o r  h  < 1 (3-7b) 
f ( h )  = 1, f o r  A 2 1 ( 3 - 7 4  
The above r ep re sen ta t i on  of t h e  t i r e  involves two* empirical  complicance parameters: 
( 1 )  t h e  l ong i tud ina l  s t i f f n e s s ,  Cs, defined a s  t h e  absolu te  value of the  s lope of 
t he  curve of l ong i tud ina l  force  versus l ong i tud ina l  s l i p ,  S, evaluated a t  S = 0, 
with the  s i d e s l i p  angle O, equal  t o  zero ;  and ( 2 )  t he  l a t e r a l  s t i f f n e s s  Ca, defined 
a s  the  absolu te  value of t he  r a t e  of change of l a t e r a l  force  wi th  r e spec t  t o  s ide-  
s l i p  angle, evaluated a t  12 = 0 with  S = 0. It  can be shown ( s e e  Reference 3 )  t h a t  
t he  non-dimensional va r i ab l e  h represents  t he  l ong i tud ina l  coordinate ( i n  t he  t i r e  
ax i s  system) of  t h e  poin t  on the  t i r e  carcass  assoc ia ted  with t he  incept ion of 
s l i d i n g  i n  t h e  contac t  patch.  
The t i r e  s i d e s l i p a n g l e ,  a, i s  a  kinematic var iab le  defined a s  ind ica ted  i n  
Figure 3-2. The long i tud ina l  s l i p  r a t i ~ ,  S, i s  defined a s  
*1n the  model given i n  Reference 3 ,  camber was an important cons idera t ion .  Thus 
t he re  was an add i t i ona l  empir ica l  parameter r e l a t e d  t o  camber. Since t h e  present  
work assumes suspensions with s o l i d  ax les ,  camber e f f e c t s  have been neglected.  
Figure 3-1. Tire-road i n t e r f a c e  kinematics 
Spin 
Veloci ty  
Longi tudinal  
Force (fxw) 
/- 
Direc t ion  of 
Wheel Travel  
Axis 
Force (w) 
Figure 3 - 2 .  Longitudinal and l a t e r a l  force  components ifi t n e  t i r e  axis  system 
where R i s  the wheel sp in  ve loc i ty  ( s ee  Figure 3 -2 ) )  and RR i s  t he  e f f ec t ive  r o l l i n g  
radius of the t i r e .  
The coe f f i c i en t  of t i re - road  f r i c t i o n ,  p, i s  computed from 
where V the  e f f ec t ive  s l i d i n g  veloci ty,  i s  given by 
s )  
and po and FA a r e  charac ter iz ing  parameters t h a t  must be evaluated empir ical ly for  
a  spec i f ic  tire-pavement combination. 
There i s  obviously s ign i f i can t  i n t e r ac t ion  between longi tudina l  and l a t e r a l  
shear forces a t  t h e  t i re - road  in t e r f ace .  This i n t e r ac t ion  i s ,  of course, dependent 
on the  empirical parameters C, C,, po, and FA. The parameters Ca and Cs have been 
determined f o r  a  wide var ie ty  of t ruck  t i r e s  and load condit ions and l i s t e d  i n  Ap- 
pendix Cr. Since very l i t t l e  experimental da ta  e x i s t s  from which FA and po can be 
determined, it i s  present ly  nevessary t o  use fu l l - s ca l e  vehicle  t e s t  r e s u l t s  t o  
estimate reasonable values. This procedure i s  explained fu r the r  i n  Section 6.4, 
i n  which the  method of choosing po for  t h e  ca lcu la t ions  performed t o  va l ida te  the 
ove ra l l  model i s  discussed.  (1t should be noted t h a t  HSRI is cur ren t ly  designing 
a  t e s t  device t o  a l l e v i a t e  t h i s  problem.) 
Although the  d e t a i l s  of t he  t i r e  model have been l e f t  t o  Reference 3, it i s  
appropriate  t o  discuss t he  appl ica t ion  of t h i s  model and t o  out l ine,  i n  d e t a i l ,  
the  methods used t o  model a  t i r e  and t o  perform simulations of the t i r e -veh ic l e  
system. I n  addit ion,  some sample r e s u l t s  from t h e  t i r e  model demonstrating the  
i n t e r ac t ion  between longi tudina l  and l a t e r a l  force cha rac t e r i s t i c s  w i l l  be shown. 
Consider t he  t i r e  data  given i n  Table 3-1  and shown i n  carpet  p l o t  form on 
Figure 3-3a, These data  were obtained on the  HSRI f l a t  bed t i r e  t e s t  device for  
a  new 10 x 20F t ruck  t i r e  i n f l a t ed  t o  85 p s i .  (This type of t i r e  was used i n  the  
va l ida t ion  t e s t i n g  on t h e  f ront  ax le  of t h e  t r a c t o r  and on the  tandem axles  of the  
s t r a igh t  t ruck  and t h e  s emi t r a i l e r .  ) 
TABLE 3-1 
La te ra l  Force vs. S teer  Angle and Ver t ica l  Load 
Tire:  10 x ~ O / F  (new) 
Rim: 20 x 7.5 
In f l a t i on  Pressure: 85  p s i  
Vert ical  








Latera l  Force ( l b )  a t  Indicated S teer  Angle (deg) 
1 - 2 - 4 8 12 16 - - - - 
2 14 3 99 688 97 1 1050 1115 
364 6 93 1227 1829 2052 22 13 
467 8 97 16 12 24 90 288 1 3 187 
523 1009 183 0  2917 3458 3  994 
550 1066 1%2 3237 3  994 4605 
558 1086 2044 gL46 4328 7181 
E57 J / 1097 2044 3 517 44 59 - - 
*see Reference 4 f o r  d e t a i l s  of t he  t e s t  equipment. 
F l g ~ r e  3- ja .  L a t e r a l  f a r c e  vs. s 1 3 e s i l g  &rg:e . 7-   ,-l;re j - j b .  L a t e r a l  f o r z e  7s.  s l 5 e s l ; ~  ar .gle.  
= ' - - a t  v a r l o ~ s  v e r t r c a l  l o a c s  f 3 1  a  ,,, pS = . ,:; , ?.;. = [ I  , 
cew 1 3  x 23  1 z l r e  a: 5: 2s: C ,  = 523 ps';.r:s/iegree 
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P i g ~ r e  3-3c. L e t e r a l  'x-ce vs .  s r c i e s l i p  er.gle. ?;gal,? 5-35. L a t e r a l  l c r o e  s s .  s l i e s l r p  a n g l e .  
-. 
?A. = 2, L~ = .8;, CS: from ?A. = 2 ,  PC: = e;, Z, f ? - 3 ~ .  
? a b l e  3 -2  T ~ b l e  3-2,  KF = 1.2, 2 = 9 
In order  t o  use t he  t i r e  p rope r t i e s ,  a s  measured on the  f l a t  bed t e s t  device, 
i n  t he  s imulat ion,  it i s  necessary t o  match these  data  using the  t i r e  model, Since 
t he  speed e f f e c t s  on f r i c t i o n  may be considered neg l ig ib l e  i n  t h e  f l a t  bed t e s t ,  
t he  speed s e n s i t i v i t y  parameter, FA, should be s e t  t o  zero. Under t h i s  condit ion,  
t he  simulated carpe t  p l o t  must approach po FZ f o r  l a rge  s i d e s l i p  angles ,  thus  an 
approximate value of p may be determined from t h e  s ideforce  da ta  obtained a t  a  
0 
v e r t i c a l  load of 1400 pounds. An est imate of 1190 pounds a s  t h e  maximum F a t  1400 
pounds normal load leads  t o  
Y 
The value of cornering s t i f f h e s s  may be chosen from any segment of t h e  da ta .  
I f  the  r a t ed  load of 5430 were considered t o  be t h e  most important range of t h e  
data ,  t h e  obvious choice f o r  C, i s  
This choice w i l l  r e s u l t  i n  t h e  simulated values shown i n  t h e  carpe t  p l o t  of Figure 
3-3b. Note t h a t  a  f ixed value of cornering s t i f f n e s s  only f i t s  t he  t i r e  da ta  a t  
small s i d e s l i p  angles  and l a rge  values of v e r t i c a l  load.  Consequently, t o  s imulate  
accura te ly  a  more widely varying load, t he  cornering s t i f f n e s s ,  C, may be made a  
funct ion of t h e  normal load on t h e  t i r e .  When a  -1 i s  entered i n  t h e  usual  C, po- 
s i t i o n  i n  t h e  input  da ta ,  a  t a b l e  lookup of Ca vs. normal load w i l l  be read.  (Pro- 
gramming d e t a i l s  a r e  i n  Appendix E . )  For t h e  example under considerat ion,  t h e  ap- 
p rop r i a t e  user-entered values a r e  shown i n  Table 3-2. The s imulat ion w i l l  then  
produce t h e  da t a  sh9wn i n  carpe t  p l o t  form i n  Figure 3-3c. Note t h a t  t h e  r e s u l t s  
a r e  qu i t e  acceptable f o r  low s l i p  angle a t  a l l  loads,  but t h a t  s i g n i f i c a n t  d i f f e r -  
ences between t h e  s imulat ion and t h e  empir ical  r e s u l t s  a r e  apparent fo r  l a rge  
s l i p  angle and high loads .  These d i f f e r ences  a r e  not unexpected s ince  t he  t i r e  
model being employed i n  t h i s  s imulat ion was not derived from curve f i t t i n g  methods 
but  was a n a l y t i c a l l y  derived based on t h e  mechanics perceived a t  t he  t i r e - road  
in t e r f ace .  Thus the  model, l i k e  a l l  other  mathematical analyses of real-world 
s i t ua t ions ,  e n t a i l s  c e r t a i n  assumptions. In  t h i s  case, t h e  v a l i d i t y  of t he  as -  
sumptions i s  a t  l e a s t  i n  p a r t  a  func t ion  of s i d e s l i p  angle and normal load. How- 
ever, t h e  t i r e  model wi th  var iab le  Ca should be q u i t e  adequate fo r  many users  o f  
t he  s imulat ion i f  they a r e  not  concerned wi th  maneuvers t h a t  involve l a rge  s ide-  
s l i p  angles .  
TABLE 3-2 
Appropriate Ca Values fo r  t he  10 x 20F Tire 
Normal Load Ca 
To obtain a  much more accura te  f i t  of t he  t i r e  da ta ,  curve f i t t i n g  techniques 
have been c~mbined rarith t h e  a n a l y t i c a l  model. Spec i f i ca l l y ,  t h e  uses of t he  
s imulat ions  may spec i fy  a s  input ,  a long with  the  t a b l e  lookup of Ca vs ,  normal lmti, 
two more parameters ,  KF and 8, such t h a t  
where C& w i l l  be t h e  value of corner ing  s t i f f n e s s  used i n  t i r e  Equations 1(3-6) and 
( 3 7 )  The values  of KF and may e a s i l y  be determined t o  match the  s imulat ion 
more c l o s e l y  t o  t h e  measured d a t a .  (An algor i thm t o  a i d  i n  t h e  choice  of KF and 
E i s  presented i n  Appendix H. )  For example, t h e  values  
produce t h e  simulated curves presented i n  Figure 3 - jd .  The values of Ca t a b u l a t e d  
i n  Table 3-2 and t h e  values of KF and -di given i n  Equation (3-14)  were used f o r  
t h i s  t i r e  i n  making t h e  d ry  su r face  v a l i d a t i o n  runs.  
The s e l e c t i o n  of values lo and FA f o r  use  i n  t h e  s imulat ion runs must s t i l l  
be chosen. This s e l e c t i o n  w i l l  s c a l e  up or  down t h e  high s l i p  angle  p o r t i o n  of 
t h e  simulated ca rpe t  p l o t s  w i t h  t h e  low s l i p  angle  p o r t i o n  remaining unaffected.  
As a n  example, consider  a c a r p e t  p l o t  der ived from values of Ca, KF and ?i, a s  
given above, but  wi th  po = .65. These parameters produce t h e  c a r p e t  p l o t  repre-  
s e n t i n g  t h e  1 0  x 20F t i r e  on a wet su r face  and i s  shown i n  Figure 3-4, superimposed 
on t h e  d ry  su r face  p l o t  given i n  Figure 3-4.  
SIMULATED CARPET PLOTS: 
P, = -85 
O0 W3;ITICAL LOAD, l b s .  





i ; 2000 
1000 
0 
Figure 3-4. L a t e r a l  f o r c e  vs. s i d e s l i p  angle .  FA = 0, Ca from Table 3-2,  
KF = 1 . 2 ,  ;= 3 
17 
To complete the  l i s t  of parameters needed t o  use t he  t i r e  model, a  value for  
C must be entered.  To account fo r  t he  var ia t ion  of CS with normal load, a  -1 may 
S 
be entered i n  t he  CS pos i t ion  i n  the  input da ta ,  allowing t a b l e  lookup of CS vs. 
normal load. (Programming d e t a i l s  a r e  i n  Appendix E . )  
Figures 3-?a and b present  t y p i c a l  r e s u l t s  produced by the  t i r e  model showing 
the nonlinear i n t e r ac t ion  of t he  s i d e s l i p  angle, a, and the  longi tudina l  s l i p ,  S. 
In Figure 3-5a, cornering force vs. s i d e s l i p  angle i s  p lo t t ed  fo r  various longitu-  
d ina l  s l i p  values; i n  Figure 3-5b, brake force  vs. longi tudina l  s l i p  i s  p lo t t ed  
for  various s i d e s l i p  angles. The t i r e  parameters used t o  produce these  f igures  
a r e  those used t o  simulate the  10 x 20F t ruck  t i r e  on the dry surface a t  >430 lb s .  
v e r t i c a l  load. 
3.2.3 ALIGNING TORQUE. In Table 3-3, values of al igning torque f o r  the  
10 x 20F t i r e  a r e  given fo r  various Loads and s l i p  angles. The method for  enter ing 
the  a l ign ing  torque da ta  and some comments on the  use of t he  a l ign ing  torque a l -  
gorithm a r e  given below. 
TABLE 3-3 
Aligning Torque vs. S teer  Angle and Ver t ica l  Load 
Tire: 10 x 2 0 / ~  (new) 
R i m :  20 x 7.5 
In f l a t i on  Pressure: 85 ps i  
Vert ical  Aligning Torque ( l b - f t )  a t  Indicated Steer  Angle (deg) 
Load ( l b )  1 2 4 8 12 16 
Preceding the  s t e e r  t ab l e s ,  a l ign ing  torque data  w i l l  be read.  (Programming 
d e t a i l s  a r e  i n  Appendix E . )  The user must en ter  t h i s  data  i n  t h e  following way- 
f i r s t  a  normal load, then the  a l ign ing  torque vs. s l i p  angle data  corresponding 
t o  t h a t  load. The following important d e t a i l s  should be noted: 
(1) I f  t h e  normal load cn the  t i r e  i s  below the  lowest normal load entered 
i n  t h e  da ta ,  the a l ign ing  torque on t h a t  t i r e  w i l l  be s e t  t o  zero. 
( 2 )  I f  t he  normal load on the  t i r e  i s  above the  highest normal load entered 
in  t he  data ,  the  a l ign ing  torque on t h a t  t i r e  w i l l  be s e t  t o  the  a l ign ing  
torque corresponding t o  t he  highest normal load entered i n  t he  data .  
(3 )  The simulation ca lcu la tes  t he  a l ign ing  torque i n  a  manner which i s  $&- 
pendent of  the  surface.  Thus the  user should consider t he  d i f fe rences  
between the surface presented t o  the  t i r e  by the  t e s t  device surface and 
the  surface t o  be simulated when en ter ing  the  a l ign ing  torque da ta .  
(Note t h a t  i n  the  choice of t h e  parameters used t o  model t he  l a t e r a l  
forces,  the  user can usual ly end up with a  sens ib le  i n t e rp re t a t i on  of 
empir ical  data  by a  proper choice of po. It might be argued t h a t  the  
a l ign ing  torque should be modified by t h e  r a t i o  of po charac te r iz ing  
the  simulated surface t o  po charac te r iz ing  the  t i r e  t e s t  device. This 
F i g u r e  3 - j a  Corne r ing  f o r c e  vs .  s i d e s l i p  a n g l e  f o r  v a r i o u s  l o n g i t u d i n a l  s l i p  
v a l u e s  
0.0 0.2 0.4 0.6 1.U 
S l i p  
F i g u r e  3-;b. Brake f o r c e  vs .  l o n g i t u d i n a l  s l i p  f o r  v a r i o l ~ s  s i d e s l i p  a n g l e s  
approach may e a s i l y  be added if it i s  desired by the  user;  however, any 
manipulation of the  a l ign ing  torque data  must be considered very specu- 
l a t i v e .  
The a l ign ing  torque data  used i n  t h e  va l ida t ion  runs fo r  the  10 x 20F t i r e  on 
the  dry surface i s  given i n  Table 3-4. 
TABLE 3 -4 
Data Used fo r  Aligning Torque Simulation 
Tire:  10 x 20F 
R i m :  20 x 7.5 
I n f l a t i o n  Pressure:  85 p s i  
Ver t ica l  Aligning Torque ( l b - f t )  a t  Indicated S teer  Angle (deg) 
Load ( l b )  1 2 4 8 12 16 
3 $2.4 WHEEL ROTATIONAL DYNAMICS. As was pointed out i n  [ 5 ] ,  t he re  i s  suf-  
f i c i e n t  reason t o  include the  wheel r o t a t i o n a l  degree of freedom i n  a  s t r a i g h t  
l i n e  braking simulation; namely, t he  con t ro l  devices present ly  used i n  an t i sk id  
devices requi re  e x p l i c i t  or impl ic i t  information about t he  ro t a t i on  of the  wheels. 
Furthermore, i n  developing a  simulation of braking and handling maneuvers, one 
f inds t h a t  wheel r o t a t i o n  r a t e  must be ca lcu la ted  i f  t he  i n t e r ac t ion  between longi-  
tud ina l  s l i p  and s i d e s l i p  i s  t o  be taken with account. 
Figure 3-6 i s  a  f r ee  body diagram of a  r o t a t i n g  wheel. The equation of ro- 
t a t i o n a l  motion i s  
where 
FXW i s  t he  longi tudina l  force  a t  t he  t i r e / road  in t e r f ace  
JS i s  t he  polar  moment of i n e r t i a  
RR i s  t he  e f f ec t ive  t i r e  rad ius  
TT i s  t he  applied brake torque 
i i s  the  wheel angular acce lera t ion  
Since longi tudina l  s l i p  S i s  defined a s  
Equation (3-1;) can be wr i t t en  a s  
dS - - -RR - [-TT - FXW ' Pa] + XDD( 1-S) 
d t  uw JS uw 
where 
N i s  the  normal force  a t  t h e  t i r e - road  in t e r f ace  
uw i s  t he  longi tudina l  ve loc i ty  of t h e  wheel center  
XDD i s  longi tudina l  acce lera t ion  of t h e  wheel center  
Figure  3-6. Free body diagram: wheel wi th  braking 
The a s s u m p t i ~ n  may be made t h a t ,  f o r  a  shor t  t ime l apse  A t ,  ( i n  t h i s  case ,  
t h e  i n t e g r a t i o c  t ime s t e p  of ,0025 s e c ) ,  a l l  va r iab les  w i t h  the  exception of FW 
on t h e  r i g h t  s i d e  of Equation (3-17) may be approximated by a  cons tan t  value.  
Furthermore, it may be assumed t h a t  dur ing t h e  time i n t e r v a l  A t ,  FXd i s  a l i n e a r  
func t ion  of S only. The o the r  va r iab les  a f f e c t i n g  FXW, such a s  load, v e l o c i t y  and 
s l i p  ang le ,  a r e  held cons tan t  dur ing A t .  This l eads  t o  a  p a r t i c u l a r l y  convenient 
and economical formulat ion which allows c a l c u l a t i o n  of S r a t h e r  than  i n t e g r a t i o n  
of Equation (3 -15) .  D e t a i l s  may be found i n  [ 1 ]  or  [ 5 ] .  
3 .2 .>  THE LOW SPEED APPROXIMATIONS. The c a l c u l a t i o n  of t h e  t i r e  s i d e s l i p  
v i  
angle ,  a, given i n  Equation ( 3 - k ) ,  depends on the  r a t i o  -. For small  u i ,  small  
u i  
e r r o r s  i n  u i  prsduce l a r g e  e r r o r s  i n  s i d e s l i p  angle ,  r e s u l t i n g  i n  inaccura te  c a l -  
c u l a t i o n s  of l a t e r a l  fo rce .  Rather than shor ten the  i n t e g r a t i o n  time s t e p  A t  t o  
preserve necessary accuracy i n  u i ,  t h e  shear  fo rces  a t  t h ?  t i r e - r o a d  i n t e r f a c e  a r e  
assumed t o  remain cons tan t  when u i  becomes small .  Slnce ar.y ~i cannot be g r e a t l y  
d i f f e r e n t  from t h e  l o n g i t u d i n a l  speed of t h e  spru?g mass cen te r ,  U 1 ,  t h e  fol lowing 
procedure i s  used. (See Equation ( 3 - 2 a ) .  Note I $ /  may be expected t o  be s i g n i f i -  
c a n t l y  l e s s  than  1, I Y U ~  i s  normally a b o l ~ t  : f t . )  I f  U 1  f a l l s  below 5 f t / s e c ,  a l l  
t h e  FXW and FYW values  w i l l  be assumed t o  remain "frozen" t o  t h e  value ca lcu la ted  
a t  the  l a s t  time when U1 was g r e a t e r  than 5 f t / s e c .  Normally t h i s  phenomenon w i l l  
only be seen i n  a  maneuver i n  which the  veh ic le  i s  braked t o  a  s top ,  a s  i n  a  vio- 
l e n t  s p i n .  
5.2.6 TKE EFFECTS OF DUAL TIRES. Since t h e  corner ing s t i f f n e s s  Ca and t h e  
l o n g i t u d i n a l  s t i f f n e s s  C, a r e  funct ions  of t h e  normal load,  t h e  assumption t h a t  
t h e  dual t i r e s  may be modeled a s  one t i r e  a t  t he  sum of t he  normal loads on the  
duals may not be appropriate .  Thus, i n  the following ana lys is ,  t h e  dua l  t i r e s  a r e  
considered separa te ly .  
Consider t h e  ax le  i n  Figure 3-7, which has s t a t i c  pos i t i on  ZA = 0 and @A = G. 
The normal loads a r e :  
where 
TRA measures from t h e  ax le  center  t o  t he  mid point  between t h e  duals  
DT i s  half  the  d is tance  between t h e  duals 
Rear View 
Figure 3-7. Axle witn d u a l  t i r e s  
Since t h e  half  d i s tance  between Suals ,  DT, i s  a u i t e  small compared t o  the 
ha l f - t rack ,  TilA, it i s  a good approximation t o  use t he  average value for  the  normal 
forces r a the r  than ca l cu l a t e  them separa te ly .  Thus, 
~ (1 ,1)  = X(1,2) = ' [ ( N ( l , l )  + ~ ( 1 ~ 2 )  
2 S t a t i c  
+ ~ K T (  h4 - TW $A) + ~cT( 'ZA - TRA \A)] ( j - l g a )  
+ ~ K T ( L  + T M  ;A) + ~ c T ( &  + TRA ;A)] (3-19b) 
The dual  t i r e s  on one s ide  of t he  vehicle  a r e  modeled with i d e n t i c a l  Ca values. 
The Ca values fo r  the  l e f t  s ide  and t h e  r i g h t  s ide  of t he  vehicle w i l l ,  of course, 
be qu i t e  d i f f e r e n t  i n  the  presence of appreciable l a t e r a l  load t r a n s f e r .  
The normal forces on a l l  t i r e s  except those on the  f ron t  ax le  a r e  calculated 
with equations s imi la r  t o  (3-19).  Should t he  user wish t o  designate sirigle t i r e s  
on any ax le ,  he need only enter  DT = 0 i n  the  input data ,  and appropriate  ad jus t -  
ments w i l l  be made. 
In addi t ion  t o  the  d i f f e r en t  normal force ac t ing  on the  ins ide  and outside 
dual  t i r e s ,  it should be recognized t h a t  the  s i d e s l i p  angle on the  outside dual 
may d i f f e r  from the  s i d e s l i p  angle on the  ins ide  duaL Consider t h e  p lan  view 
of t h e  unsprung masses given i n  Figure 3-8. The s i d e s l i p  angle of the  :Left out- 
s ide dua l  i s  (neglec t ing  any r o l l  s t e e r )  
Figure 3-8. ;Insprung masses, p l an  view 
01 
0 UL + ~(TRA + DT) 
and f o r  i n s i d e  t i r e ,  
Since DT may be expected t o  be much smal le r  than TRA, it i s  a  good approxima- 
t i o n  t o  use t h e  average s i d e s l i p  ang le  t o  compute t h e  corner ing  f o r c e ,  
T o t a l  F = 
Y 2Fy' ave ~ , s v e  N 
Natural ly ,  it i s  most convenient t h a t  t h e  normal f o r c e s  and s i d e s l i p  ang les  
f o r  a  s e t  of d u a l s  may be averaged f o r  use i n  t h e  t i r e  model i n s o f a r  a s  t h e  w r i t i n g  
of t h e  f o r c e  equa t ions  i s  concerned, and i n s o f a r  a s  lower computer c o s t s  a r e  achieved 
than  would be t h e  case  w i t h  i n d i v i d u a l  c a l c u l a t i o n s .  I n  t h e  case  of t h e  s p i n  ve- 
l o c i t y  G, t h e r e  i s  no ques t ion  of an average value,  s i n c e  d u a l  t i r e s  a r e  cons t ra ined  
t o  have t h e  same s p i n  r a t e .  This c o n s t r a i n t ,  however, r e s u l t s  i n  a  d i f f e r e n t i a l  
l o n g i t u d i n a l  s l i p  between t h e  d u a l  t i r e s  when t r a v e r s i n g  a  curved p a t h .  While it 
may be shown through arguments s i m i l a r  t o  t h ~ s e  given f o r  s i d e s l i p  ang le  t h a t  an 
average s l i p  value i s  adequate f o r  t h e  c a l c u l a t i o n  of t h e  t o t a l  brake f o r c e  on t h e  
s e t  of d u a l  t i r e s ,  t h e  d i f f e r e n t i a l  l o n g i t u d i n a l  s l i p  between dua l s  can cause a n  
apprec iab le  a l i g n i n g  to rque .  
The l o n g i t u d i n a l  v e l o c i t y  of t h e  l e f t  o u t s i d e  d u a l  i s  ( n e g l e c t i n g  any r o l l  
s t e e r  c o n s i d e r a t i o n s  ) 
Thus t h e  l o n g i t u d i n a l  s l i p  of t h a t  t i r e  i s  
where R i s  t h e  r o t a t i o n  r a t e  of bo th  d u a l s  and RR i s  t h e  r o l l i n g  r a d i u s ,  
On t h e  o t h e r  hand, f o r  t h e  i n s i d e  dua l ,  we have 
and 
where an equa l  r o l l i n g  r a d i u s ,  RR, has been assumed f o r  t h e  i n s i d e  and ou t s ide  dua l .  
Consider now p o s i t i v e  6. A comparison of Equations (3-22b) and (3-23b) shows 
t h a t  
Thus, t h e r e  must be a d i f f e r e n t i a l  l o n g i t u d i n a l  f o r c e  3n t h e  dua l s  such t h a t ,  i n  
t h i s  case ,  a nega t ive  yaw moment ( i . e . ,  an unders tee r  c 3 n t r i b u t i 3 n )  r e s u l t s .  (A 
s i m i l a r  unders tee r  r e s u l t  a l s o  a p p l i e s  t o  t h e  r i g h t  hand s e t  of d u a l s . )  
The above tic t ' inrd moment i s  c a l c u l a t e d  us ing  t h ~ .  PI-ocedurts nu t l ined  b r l i w  . 
Thp va lue  01' Ian;:\ t u d i n a l  s l i p  used i n  -he brake fcrce , ~ a l c u l c t i o n s ,  S 1 i s  an 
average value calculat ,ed on t h e  b a s i s  of t h e  l o n g i t u d i n a l  v e l o c i t y  of t h e  mid point,  
between t h e  d u a l s .  The s l o p e  of  t h e  p - s l i p  curve a t  t h i s  p o i n t  i s  ( s e e  F igure  :-'I) 
given  by 
-1 x SLCPE (I) = 
where N i s  t h e  normal f o r c e  on each d u a l  t i r e .  The s l i p  of  t h e  o u t s i d e  nnd i n s i d e  
d u a l  may be w r i t t e n  
Expanding t h e  p - s l i p  curve  about t h e  p o i n t  S = S(1) i n  a  Taylor s e r i e s  and, 
s i n c e  So - Si may be expected t o  be very smal l ,  dropping h igher  o r d e r  terms y i e l d s  
F igure  3-9. A p - s l i p  curve 
25 
where FXave = FXo + FXi, 
Thus t h i s  system may be w r i t t e n  a s  a  force  FXave and a  couple TI7 where 
Since $ 1  can be very l a rge ,  e spec i a l l y  a t  small l ong i tud ina l  s l i p  values, t h e  
a l i gn ing  torque der iv ing  from t h e  d i f f e r e n t i a l  s l i p  of dua l  t i r e s  i s  an important 
e f f ec t  and has been included i n  t h e  model. 
3 -3 THE SUSPENSION MODELS 
Any one of t h r e e  poss ib le  suspension configurat ions may be simulated a t  each 
ax le  l oca t ion  o ther  than a t  t he  f ron t  ax le ,  a s  i n  t h e  pi tch-plane s imulat ion docu- 
mented i n  [ I ] .  I n i t i a l l y ,  t h e  simplest configurat ion viz. ,  the  s i n g l e  ax le ,  w i l l  
be t r e a t e d  wi th  t h e  walking-beam and four-spring configurat ions t o  follow. 
3 3 1 THE SINGLE AXLE SUSPENSION. 
3.3.2.1 Derivat ion of t h e  Equations. A sketch of t h e  s ing l e  ax l e  i s  given 
i n  Figure 3-10, The forces  a t  t h e  t i r e - road  i n t e r f a c e  and t h e  forces  between the  
sprung and unsprung mass must be ca lcu la ted  a t  t h e  beginning of each new in tegra-  
t i o n  time s t ep ,  t he se  forces  being used t o  c a l c u l a t e  t he  acce l e r a t i ons  of t he  
sprung mass. The forces  a t  t he  t i r e - r o a d  i n t e r f a c e  and t h e  suspension forces ,  SF, 
( t h e  number 1 denotes t h e  l e f t  s i de  and 2 denotes t h e  r i g h t  s i d e )  a r e  func t ions  
only of t he  pos i t i ons  and v e l o c i t i e s  of t he  sprung and unsprung masses, and may 
the re fo re  be ca lcu la ted  i n  a  s t ra ight forward  manner. However, t he  l ong i tud ina l  
and l a t e r a l  cons t r a in t  forces  between t h e  sprung mass and t h e  unsprung masses a l s o  
depend on the  acce l e r a t i on  of t h e  unsprung masses, and thus  computationalcomplica- 
t i o n s  a r i s e .  
Figure 3-10. Schematic diagram: s i n g l e  ax l e  model 
Consicieration o f  A f r e e  body ,iia,:ram o f  a  wheel al;\i ,f t.he axle w i l l  be o f  
a s s i s t a n c e  i n  t.he a n a l y s i s  of t h i s  syst~.m. Consider t h c  u h e r l  diagrammeti in i'ieurt. 
3-11, i n  i ~ h l c h  w,  p, :in\] zw a x l e s  a r r  f ixed  with  t.ht' .>v ig in  a t  th t>  axle c c n t . t ~ r .  
A t  t h e  i n s t a n t  of i n t e r e s t ,  $w i s  i n  the  $1 d i r e c t i o n ,  and :v i s  i n  t h e  plan? sf' 
t h e  wheel. The a x i s  system r o t a t e s  a t  angular  v e l o c i t y  a1 where 
where 
6~ i s  t h e  r o l l  r a t e  of t h e  a x l e  
A A A  
6 i s  t h e  r o t a t i o n  r a t e  of x1, y l ,  z l ;  t h e  yaw r a t e  of t h e  unsprung mass 
system. 
Since t h e  s o l i d  a x l e  may reasonably be assumed t o  d e v i a t e  only s l i g h t l y  from 
t h e  91 d i r e c t i o n , "  it w i l l  be assumed i n  t h e  fol lowing a n a l y s i s  t h a t  
The r e a c t i o n  f o r c e s  and moments from t h e  a x l e  on t h e  wheel a r e  AFX, AFY, AFZ,  and 
AMX, ANY, and APZ, r e s p e c t i v e l y .  The f o r c e s  a t  t h e  t i r e - r o a d  i n t e r f a c e  a re  FXW, 
FYW, and FZW; MX, IvR, and MZ a r e  t h e  moments. Appl icat ion of  Newton's laws l eads  
t o  ( s e e  Equation ( 2 - 3 5 ) ) :  
Figure 3-11, Free b3Jy diagram: rolilng wheel 
 h he p o s s i b l e  d e v i a t i o n s  a r e  those  due t o  r o l l  s t e e r  and t o  r o l l  ang le  @A of t h e  
a x l e  assembly. 
where 
XU i s  t h e  h a l f  t r a c k  
YU i s  t h e  d i s t a n c e  i n  t h e  $1 d i r e c t i o n  from t h e  sprung mass c e n t e r  t o  
t h e  mass c e n t e r  of t h e  wheel 
UD1 i s  t h e  a c c e l e r a t i o n  of  t h e  sprung mass c e n t e r  i n  t h e  $1 d i r e c t i o n  
VD1 i s  t h e  a c c e l e r a t i o n  of  t h e  sprung mass c e n t e r  i n  t h e  $1 d i r e c t i o n  . . 
ZU i s  t h e  v e r t i c a l  a c c e l e r a t i o n  of t h e  wheel mass c e n t e r  
M i s  t h e  mass of  t h e  wheel 
W 
NDW us ing  t h e  same f r e e  body diagram, we can w r i t e  t h e  e q u a t i m s  of r o t a t i o n a l  
motion. Assuming t h a t  t h e  p o l a r  moments of i n e r t i a  of t h e  t i r e  about  t h e  xw, yw, 
zw axes a r e  p r i n c i p a l  moments ( i . e . ,  wheel imbalance i s  n e g l e c t e d ) ,  t h e  r o t a t i o n a l  
equat ions  f o r  t h e  wheel become .. 
m-AMX = JT @A + JS . R ( 3 - P a )  
where JT, JS, ;Tr a r e  t h e  p o l a r  moments of t h e  wheel about xw, yw, and zw, respec-  
t i v e l y .  
Now cons ider  t h e  f r e e  body diagram of  t h e  a x l e  i n  Figure  3-12. (The number 1 
i n  a  f o r c e  or  couple  i n d i c a t e s  t h e  l e f t - h a ~ d  s i d e ,  t h e  number 2,  t h e  r i g h t .  ) The 
r e a c t i o n  f o r c e s  from t h e  sprung mass on t h e  a x l e  a r e  R X 1  and RM, SMY, and SF1 and 
SF2. The moment a p p l i e d  from t h e  frame t o  t h e  a x l e  i s  assumed t o  be only t h e  brake 
to rque  TT1 and TQ. The f o r c e  summation i n  t h e  $1 d i r e c t i o n  l e a d s  t o  
82 
RX1 + R B  = AFXl + AFX2 - M ~ x [ ~ J D ~  - Jr * XU] (3-33) 
where M X  i s  t h e  mass of  t h e  a x l e ,  and t h e  a x l e  mass c e n t e r  i s  assumed t o  be l o c a t e d  
such t h a t  
YU = 0 (3-34) 
From Equation ( 3 - j k ) ,  we have 
02 
AFXl + AFM = FXl + FX2 - 2M [ U D ~  - $ . XU] 
W 
(3-35)  
kt t h e  unsprung mass i s  de f ined  a s  t h e  mass of  t h e  a x l e  p l u s  t h e  mass of t h e  wheels, 
i . e . ,  




Thus, t h e  $1 component of Equation (3-33)  may be w r i t t e n  
i r e  2  Free body diagram: sirigle a x l e  
I n  t h e  same way, it can be shown t h a t  
SIYTY = FY1 + FY2 - MS[VD~ + :$ XU; (3-37b) . I 
-SF1 - SF2 + FZ1 + FZ2 = MS ZA ( 3 - 3 8 ~ )  
where ZA i s  t h e  v e r t i c a l  p o s i t i o n  of t h e  mid p o i n t  of t h e  a x l e .  Now, under t h e  
assumption t h a t  t h e  p r i n c i p l e  moments of i n e r t i a  of t h e  a x l e  a r e  Ja ,  3, Ja ,  about 
A A A  
axes i n  t h e  x l ,  y l ,  zl d i r e c t i o n s  w i t h  o r i g i n  a t  t h e  a x l e  c e n t e r  ( i . e . ,  t h e  dynamics 
of a x l e  "wrap up" a r e  neg lec ted) ,  t h e  Euler  equat ions  may be w r i t t e n  f o r  t h e  a x l e .  
(SFI-SF~)FRY + (AF'Z2-AFZL) TRA - S?iTi ( d )  + AMX1 + Am = J. ii ( j - 3 8 a )  
a  
By combination of Equations (3-38c) and (3-32c) we can e l imina te  AMZl  and 
PAZ2, y i e l d i n g  
Fut from t h e  $1 component of  Equation (3-31)  we have 
FXl - AFXl = Mw[UD1 - ,i2xU + ~ ( T R A ) ]  . , 
FX2 - AFX2 = M [ U D l  - ?XU - +(TRA)] 
W 
Thus, . . 
AFX1 - AFM = FX1 - FM - 2M Jr TRA 
W 
Subs t i tu t ion  of Equation (3-41) i n  (3-38) y i e l d s  
But t h e  po l a r  moment of i n e r t i a  of t h e  ax l e  wheel assembly may be w r i t t e n  a s  
2 JA = J + 2JT + 2M (Tm) 
a w 
Thus, 
Both equat ions (3-37a) and (3-4h) conta in  t h e  unknown cons t r a in t  forces  R X 1  
and R Z .  However, t h e r e  i s  a  major complication t o  using these  two equations t o  
solve for  R X 1  and RX2; namely, t h e  sprung mass acce lera t ion ,  UD1, and t h e  unsprung 
mass angular  acce l e r a t i on ,  a r e  unknown a t  t h i s  s tage  of t h i s  development. A 
r igorous so lu t ion  would r equ i r e  t h e  added cons idera t ion  of t h e  sprung mass equa- 
t i o n s  of motion i n  order  t o  solve t h e  system of equat iors  f o r  t h e  cons t r a in t  forces  
and t h e  acce l e r a t i ons .  
Since we have not constrained t h e  suspensions t o  remain perpendicular  t o  t h e  
sprung mass, and s ince  added complications r e s u l t  from the  va r i e ty  of suspension 
options, a. .rigorous approach i s  very ted ious  and numerically q u i t e  time consuming, 
requi r ing  a  matr ix invers ion  t o  so lve  f o r  t h e  acce l e r a t i ons  a t  each time s tep .  
We have e l ec t ed  ins tead  t o  apply an a l t e r n a t e ,  approximate method. I n  t h i s  method, 
it i s  assumed t h a t  t h e  unknown acce l e r a t i ons  of t h e  unsprung masses may be success- 
f u l l y  est imated based on t h e  assumption t h a t  t h e  e n t i r e  vehicle  i s  moving a s  a  
s ing l e  r i g i d  body i n  t h e  yaw plane. 
The acce l e r a t i on  of t h e  mass center  of t h e  e n t i r e  vehic le  i s  assumed t o  be 
where t h e  summation s ign  ind i ca t e s  a  sum over a l l  t he  t i r e s .  The yaw acce l e r a t i on  
may be w r i t t e n  
* h 1. - 921 = - C r .  X(FXI $1 + FYI $1) 
I Z  2 1 
where IZ i s  t he  yaw moment of t h e  e n t i r e  vehic le  (assuming no r o l l  o r  p i t c h ) ,  
t h e  ri a r e  the  appropr ia te  moment arms and t h e  sum i s  again over a l l  of t he  t i r e s .  
The yaw plane components of t h e  ind iv idua l  unsprung masses may now be found from 
Equations (3-45) and (3-46) . 
Thus, given the  forces  a t  t h e  t i r e - road  in t e r f ace ,  t h e  ai may be used i n  Equations 
(3-37a) and (3-47) t o  c a l c u l a t e  t h e  forces  on t h e  sprung mass from t h e  unsprung 
mass. A schematic diagram o f  t h i s  process i s  shown i n  Figure 3-13. 
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Figure  3-13. Flow ciiagram: method 3f computation of t h e  c o n s t r a i n t  f o r c e s  
S imi l a r  equa t ions  w i l l  now be der ived combining t h e  fclrce equat ions  i n  t h e  
$1 d i r e c t i o n s  and moments about t h e  $1 a x i s .  
By combining Equations (3-35a) and (3-32a) ,  AMXl and AM[2 a r e  e l imina ted ,  
y i e l d i n g  
But from t h e  $1 corrponent of  Equation (3-51)  we have 
Thus, 
The a c c e l e r a t i o n  terms 3 c  t h e  r ight -hand s i d e  of Equat ioc  (5-50)  may be w r i t t e n  a s  
0 .  . . . . , 
ydl[ZA - TF'A.P.41 - M&[ZA + TM-PA] (3a.51) 
where ZA i s  t h e  v e r t i c a l  p o s i t i o n  of t h e  a x l e  c e n t e r .  The use of EcuaticJns 1(3-11.) 
and (3-50) i n  Equation (3-43) l e a d s  t o  
But 
where JA  i s  t h e  t o t a l  moment of i n e r t i a  of t h e  ax l e  and wheels around an a x i s  i n  
the  "x d i r e c t i o n  through the  ax l e  cen t e r .  Thus, 
Equations (3-37c) and (3-54) a r e  used t o  c a l c u l a t e  t h e  acce l e r a t i ons  of t h e  
ax le ,  t h e  former equation y ie ld ing  t h e  "bounce" acce l e r a t i on  of t h e  ax l e  center ,  
t h e  l a t t e r  y i e ld ing  t h e  r o l l  a cce l e r a t i on  of t h e  axle.  The l a t e r a l  cons t r a in t  
force  SPfl may be ca l cu l a t ed  using Equation (3-37b) and t h e  methods of Figure 3-U. 
3.3.2.2 A Summary of t h e  Assumptions Used i n  t h e  Single Axle Model. A 
number of s implifying assumptions were made i n  t h e  de r iva t ion  of the  equations of 
motion of t h e  s ing l e  ax l e  i n  t h e  preceding sec t ion .  These a r e  l i s t e d  below, 
1. Deviations of t h e  ax l e  from t h e  $1 d i r e c t i o n  were ignored s ince  ax le  
s t e e r  displacements and ax l e  r o l l  angle,  @A, a r e  expected t o  be small,  
( ~ o t e ,  t h e  e f f e c t s  of r o l l  s t e e r  and a x l e  r o l l  on t i r e  s l i p  angles a r e  
not neglected;  r a t h e r ,  t h e  e f f e c t s  of r o l l  s t e e r  and ax l e  r o l l  angle on 
t h e  o r i e n t a t i o n  of t h e  wheel a x i s  system a r e  neglected.  The means fo r  
computing the  s t e e r  of t h e  ax le ,  assumed t o  be a l i n e a r  func t ion  of sus- 
pension de f l ec t i on ,  a r e  discussed i n  Chapter 5 . )  
2. The wheels a r e  balanced. Thus t he  mass center  of t h e  wheel i s  assumed 
t o  be a t  t h e  ax le  center ,  and the  po la r  moments about the  xw, yw, zw 
axes a r e  assumed t o  be p r i n c i p a l  moments. 
3 Axle r o t a t i o n  about an a x i s  i n  t h e  $1 d i r e c t i o n  ( i . e . ,  wrap up) i s  ne- 
g lec  t ed. 
4. Various assumptions have been made concerning t h e  forces  between t h e  
sprung and unsprung masses. 
a .  The r eac t ions  i n  t h e  $1 d i r e c t i o n  a r e  applied a t  t h e  height of t he  
ax l e  cen t e r ,  and the  torque about t h e  ax le  i s  t h e  brake t ~ r q u e .  
(Ant i -p i tch  geometry i s  not considered. ) 
b. The cons t r a in t  i n  t h e  $1 d i r e c t i o n  i s  assumed t o  be a  poin t  force  
appl ied  a t  constant  d i s t ance  d  above t h e  ax le .  (1n t h e  s imulat ion,  
t h e  input  var iab le  i s  t h e  d i s t ance  of RCH above the  ground, i . e . ,  t he  
r o l l  c en t e r  he ight . )  
c ,  The suspension forces  SF a r e  assumed t o  a c t  i n  t h e  51 d i r e c t i o c .  
These assumptions lead t o  equations which p red i c t  the  forces  on the  sprung 
mass only i f  t h e  acce l e r a t i on  of t h e  unsprung mass i s  known. These acce l e r a t i ons  
a r e  found through an approximate method which assumes motion i n  t h e  yaw plan.  A 
diagram ~f  t h e  procedure i s  given i n  Figure 3-13. Using t h i s  procedure, t he  con- 
s t r a i n t  forces  RX and SMY may be computed and then  used t o  f i nd  t h e  acce l e r a t i on  
of t he  sprung mass. 
I n  s p i t e  of t h e  many assumptions made, t h e  equations given a r e  q u i t e  d e t a i l e d .  
Since f o r  each added f ea tu re  of t h e  s imulat ion t h e  user must pay t h e  p r i c e  i n  both 
t h e  tedium of dea l ing  wi th  t h e  added input  var iab les  a s  wel l  a s  increas ing  campu- 
t a t i a n  c o s t s ,  it was decided t o  drop from t h e  equations c e r t a i n  terms which may 
be considered neg l ig ib ly  small .  Among these  a r e  overturning moments a t  t h e  t i r e -  
road i n t e r f a c e  and t h e  gyroscopic e f f e c t s  caused by t h e  yaw v e l ~ i t y  of t h e  a x i s  
of t i r e  r o t a t i o n .  These terms may e a s i l y  be added by the  user should they be con- 
s idered  s i g n i f i c a n t .  
3.3.2 T E  FOUZ SPRING SUSPEKSION. The four  s p r i n g  suspension i s  a  four de- 
gree  of freedom system c o u p l e d l o n g i t u d i n a l l y b y  t h e  load l e v e l e r s  and l a t e r a l l y  by 
t h e  s o l i d  ax les .  Thus the  system w i l l  admit an a x l e  tramp mode 3s wel.1 a s  brake 
hop, This l e v e l  of s o p h i s t i c a t i o n  i s  p o s s i b l e  s ince  t h e  frame may c o r r e c t l y  be 
assumed no t  t o  apply s i g n i f i c a n t  r o l l  moments t o  t h e  sp r ings  a t  t h e  load l e v e l e r  
o r  t h e  con tac t  p o i n t s  between t h e  l e a f  sp r ings  and t h e  frame. The equat ions  2f 
t h e  four  sp r ing  suspension a r e  t h e r e f o r e  q u i t e  s i m i l a r  t o  t h e  p i t c h  plane eqnat ions  
given i n  [ l ]  and [:I. The added complications r e s u l t i n g  from t h e  yaw and rol.1 
freedom w i l l  be summarized here ,  but t h a t  p a r t  of the  d e r i v a t i o n  previously  pub- 
l i s h e d  w i l l  not be repeated.  Thus, it i s  assumed i n  t h e  following a n a l y s i s  t h a t  
t h e  reader  i s  f a m i l i a r  w i t h  t h e  p i t c h  plane d e r i v a t i o n .  
A schematic and free-body diagram of t h e  suspension viewed from the l e f t  s i d e  
i s  given i n  Figure 3-11. With two changes i n  nomenclature, t h e  schematic diagram 
given i n  Figure 3-10 becomes v a l i d  f o r  e i t h e r  of t h e  tandem a x l e s .  These changes 
a r e  ind ica ted  i n  Figure 3-15 and l i s t e d  below: 
( a )  I n  p lace  of t h e  l o n g i t u d i n a l  c o n s t r a i n t  f o r c e s ,  R X 1  and RM, we have t h e  
h o r i z o n t a l  components of t h e  f o r c e s  i n  t h e  to rque  rods.  For example, 
f o r  t h e  l e f t  s i d e  of t h e  l e a d  ax le ,  
( b )  I n  p l a c e  of t h e  suspension fo rces ,  SF1 and S E ,  a r e  t h e  leaf-f rame con tac t  
fo rces ,  TN, p lus  t h e  v e r t i c a l  component of t h e  torque rod fo rce .  For 
example, f o r  t h e  lef ' t  s i d e  of a  l ead  ax le ,  
TR2 s i n  AA7 - TN1 - TM = SF1 (3-56) 
The l o n g i t u d i n a l  c o n s t r a i n t  fo rces ,  RX, may be found from Equatl-ons (3 -37a)  
and (3-47)  and thus  t h e  to rque  rod f o r c e s  a r e  known. From t h i s  po in t  t h e  equat ions  
f o r  t h e  TN forces  a r e  e x a c t l y  those  given i n  [ I ]  and [ 5 ] .  Since t h e r e  i s  a  d i r e c t  
r e l a t i o n s h i p  between t h e  TN and t h e  SF, t h e  motion of t h e  a x l e s  may be found from 
a s t ra igh t fo rward  a p p l i c a t i o n  of Equations (3-37c) and (3 -54) .  
3.3.3 THE WALKING BEAM SUSPENSION. The walking beam s u s p e n s i o n v h i c h i s  shown 
i n  s i d e  view i n  Figure  3-16, i s  a four  degree of freedom system w i t h  t h e  wheels on 
each s i d e  coupled t o  each o the r  l o n g i t u d i n a l l y  by t h e  walking beam. Side- to-s ide  
coupl ing due t o  t h e  s o l i d  a x l e  connection has been neglected due t o  the  s i g n i f i c a n t  
complexity* t h i s  would add t o  t h e  s imulat ion.  Thus, dynamics of t h e  mass cen te r  
on t h e  l e f t  s i d e  a r e  coupled t o  the  dynamics of t h e  mass c e n t e r  on t h e  r i g h t  s i d e  
only through t h e  motion of t h e  frame. A schematic view of t h i s  s i m p l i f i e d  model 
i s  shown i n  F igure  3-17, 
While t h i s  s i m p l i f i c a t i o n  i s  major i n  i t s  impl ica t ions ,  it i s  not  bel ieved t o  
be important w i t h  respec t  t o  smooth, l e v e l  road operat ions  s ince ,  i n  most c s s e s ,  
ax le  tramp i n  t h e  walking beam suspension i s  not a  s i g ~ i f i c a n t  problem. Neverthe- 
l e s s ,  i f  brake hop** i s  t o  be simulated o r  i f  opera t ion  on a rough road wi th  
* I n  c o n t r a s t  t o  t h e  four  s p r i n g  suspensions,  i n  which no geometric c o n s t r a i n t  i s  
imposed by t h e  suspension, t h e  load l e v e l l i n g  device  i n  t h e  walking beam suspen- 
s i o n  provides  a  geometric c o n s t r a i n t  on t h e  p o s i t i o n  of t h e  a x l e s ,  To model t h e  
combination of c o n s t r a i n t s  ( t h e  s ide - to - s ide  c o n s t r a i n t  of each a x l e  p l u s  t h e  
l o n g i t u d i n a l  c o n s t r a i n t  of each walking beam) i s  indeed a  formidable t a s k .  
**1t should be noted t h a t  brake hop d i d  not x c u r  dur ing t h e  t e s t i n g  of t h e  s t r a i g h t  
t r u c k  w i t h  t h e  walking beam suspension, even dur ing very severe  braking runs .  
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Figure 2-1;. Free body diagram: a x l e  of a 1 ' 0 2  sp r ing  sgspension 
s ide - to - s ide  v a r i a t i o n s  i n  road p r o f i i e  i s  assumed, the  e l imina t ion  s f  t h e  s ide -  
t o - s i d e  coupl ing through t h e  a x l e s  i s  l i k e l y  t o  be a  se r ious  de f ic iency .  
The fol lowing a n a l y s i s  s m , a r i z e s  t h e  extension of the  p i t ch-p lane  model of 
t h e  walking beam suspensisn t o  t h e  three-dimensional case .  I t  i s  assluned t h a t  t h e  
reader  i s  f a m i l i a r  wi th  the  p i t c h  plane d e r i v a t i ~ n ,  O n l ~  t h e  r e a r  wheel of t h e  
l e f t  s i d e  of  suspension 2 ( t r a c t o r  or s t r a i g h t  t ruck  r e a r  suspension) i s  t r e a t e d ;  
t h e  f r e e  body diagram of t h i s  wheel i s  shown i n  Figure 5-18. The motions of the  
o the r  t h r e e  wheels w i l l  be descr ibed by s imi la r  equat ions .  
It i s  assumed t h a t  t h e  mass MS2(3) of t h e  wheel and ax le  shown i n  Figure 3-19 
i s  one-half  t h e  mass s f  t h e  r e a r  ax le  assembly, p lus  t h e  mass of t h e  wheel. The 
l o n g i t u d i n a l  and v e r t i c a l  fo rces  or. t h e  frame and t h e  p i t c h  moment app l ied  t o  t h e  
frame have been given i n  [ l ]  and [=I. 3nly t h e  h o r i z o n t a l  fo rce ,  SMY, and t h e  
r o l l  and yaw moments, TX and TZ, w i l l  be considered here .  
A summation of fo rces  y i e l d s  
where 
SMY i s  t h e  l a t e r a l  fo rce  t r ansmi t t ed  t 3  t h e  frame. Note t h a t ,  s ince  
rne  a x l e  i t s e l f  i s  neglected,  t h e  dimension h  i s  i r r e levan t , .  hle 
choose t h e  height  o f  :he frame r a i l  f o r  convenience only.  
YDD(3) i s  t h e  l a t e r a l  a ~ c e l e r a t i o n  of t h e  assumed mass c e r t e r  p o i n t ,  t h e  
wheel c e n t e r .  
C.G. of 
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F i g ~ r e  5-16. F ree  body diagram: f r e e  body diagram: walking behm scspensior :  
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Flglire 3-16. Free  'EX;. i l a g r a ~ , :  l2:'t r e a r  ,d::ee; of  'nrii:i.,i~.< beam suspensio~? 
A summation of moments a t  the  frame r a i l  y i e ld s  
TX = N(TM - FRY) - AW(h) ( 3 - 5 8 )  
where 
(TRA-FRY) i s  the  hor izonta l  d i s tance  from the  normal fo rce  N t o  t he  
frame r a i l  
).(z i s  t he  a l ign ing  torque. 
Through the  use o f  Equations ( 3 - 5 6 )  t o  (3-59) acd the  p i t c h  moment and suspen- 
s ion  force  previous ly  given i n  [ I ]  and [?I, a l l  forces  and moments applied t 3  the  
frame through the  walking beam suspension a r e  ca lcu la ted .  
3.4 STEERING SYSTEhI 
Heavy highway vehicles  t y p i c a l l y  employ beam type f ron t  ax l e s  and a  s t ee r ing  
system t h a t  can be charac ter ized  a s  a  s e r i e s  type, i . e . ,  t he  lef t -hand s t ee r ing  
knuckle i s  s teered  through the  ac t ion  of a  drag l i n k  connected t o  the  pitman arm 
of t he  s t e e r i n g  gear.  The right-hand s t ee r ing  knuckle i s ,  i n  turn ,  cont ro l led  by 
a  t i e  rod connected between the  l e f t  and r i g h t  knuckles ( s e e  Figure 3-15).  As i s  
t r u e  f o r  most s t ee r ing  systems, t he  a c t u a l  s t e e r  angles of t he  f r ~ n t  wheels a r e  
not simply a  funct ion of t h e  d r i v e r ' s  s t e e r i n g  input .  Changes i n  t he  geometry of 
the  s t ee r ing  mechanism caused by suspension movement r e s d l t  i n  small s t e e r  angle 
displacements of t he  f r o n t  wheels about t h e i r  nominal pos i t i on .  Compliances of 
t he  various members 3f t he  s t e e r i n g  system a l s o  lead t o  small d i f f e r e n t i a l  motions. 
I n  con t r a s t  t o  the  treatment of t h e  s t ee r ing  mechanism given i n  [6] acd [7], c e r t a i n  
geometric and compliance s t e e r  e f f e c t s  a r e  considered here.  
Front of I Vehicle 
Right S 
Knuckle 
t e e r i n g  
I g of Vehicle I 
i r e  - 1 .  Typical heavy ~ ~ U C K  s ~ e e r i n q  systen 
. . S .  ? 5 .  :r 3 r . 2 ~ ~  : 3 rnax:r.!.zc t h e  1;t::it~. ?i' t h e  sj.~r.~:- 
,.., , s:;sterr, a a z e l s  ha:( ceen d e  a v a i l a b l e  t.o t.n? l a t i o n  p r 3 t ; r & ~ ,  a  v a r i e t ~  3:' stre'-;*: 
. . .  
~ s e r .  ;f prcvl,;:r,g t h e  a 8 l i t i o n a i  Ir,pdt cecessa ry  t o  s i a u l a t e  a  complex s t e e r i n g  
syst,em i s  cor.si5ered d c d e s i r a b l e ,  a  ;;cry simple s t e e r i n a  system model mav be used.  
On t h e  o t h e r  han i ,  :he e f f e c t s  of' s a a l l  changes i n  st ,eer angle  cue t o  susper.sion 
mo7Jement a:id s;iste;r, c m p l i a n c e  may be s l n u l a t e i  through t h e  use of t h e  more com?lex 
opt ions  . 
The fo l l cwing  p a r a g r a ~ h s  re1:lv~r t : ~  s t e e r i n g  syst,en 3 p t i o n s )  s t a r t i n g  wcth t h e  
s i m p l e s t  node l  and p racee ' i i ng  Iz - r r ; e r  ~f : ~ m p i e x i t y .  Spe-if:: pr3gram ins t ruc t i3 r . s  
and examples of t h e  xse  of va r iocs  ;p+i-.r.s a r e  given i n  Appendix 9. 
3.4.2 SIIiaE TA9LE S E E 2  .AI!;LE IXPijT. The s i x p l e s t  aYvrei lable  s t e e r i n g  system 
i n p u t  i s  a  s i c g l e  t a b u l a r  i n y t  3f s'szr ang le  versus  t i n e .  During t h e  course  of a  
simula:icn rx:, :his :able i s  ca:.le: 3.; s u b r a u t i n e  FCT, and a  l i n e a r  i n t , e r p o l a t i o n  
i s  performed sn :he tab1:lar d a t a  t:, dztermlne t h e  value :f t h e  s t e e r  a n g l e .  Tk,is 
s t e e r  ang le  i s  ass~m,e< t o  be a p p l i e 5  ts S a i h  l e f t  and r i g h t  f r o n t  wheels of the  ve- 
h i c l e .  An: e f f e c t s  cf' gecmezry or  : ~ ~ ! p l i a n c e  i n  t h e  system a r e  neg lec te3 .  
3 .  , 'X4O TA3LE S E E ?  AXLE 1:JE.I;;. Just, a s  i n  t h e  c a s e  of  an aut :~mobi le ,  a  
s i d e - t o - s i d e  s:.eer a c g l e  dif5 'erezce i s  6esigne.i i n t o  t h e  s t e e r i n g  systems of  t r u c k s .  
I n  a d d i t i o c ,  f u r t h e r  5 l f f e r e n c e s  ma:: r e s : ~ l t  from conp l i acce  of t h e  vari '3us s t e e r i n g -  
suspenslon s:rstern rr.embers. I n  3 r2e r  ~3 a::our,t f o r  t h e  s ide-To-s ide  d i f f e r e n c e  i n  
s t e e r  ang le ,  a  r,:io-table inpd'; 3p;ijn I s  a v a i l a b l e .  Program opera t ion  i s  sin;i:Lar 
t 3  t h a t  d e s c r i b e 6  f o r  t h e  s i n g l e  %able  s p t i o c  above; however, m e  t a b l e  f s r  each of 
t h e  l e f t  and r i g h t  f r o n t  :$heels must be e n t e r e d .  
I n  t h e  stead:; t u r n  a n a l y s i s  ~onduc tec i  i n  t h i s  s tudy,  we found :hat t h e  use of 
an  average  s t e e r  a c q l e  i n  t h e  s i n g l e  t a b l e  r a t h e r  t h a r  t h e  measured l e f t  and r i g h t  
s i d e  va lues  r e s u l t e 5  I n  a s  much a s  f i v e  p f r c f n t  i n c r e a s e  i n  t h e  p r e d i c t e d  l a t e r a l  
a c c e l e r a t i o n .  
3 A;GE 3OLL SXE3 3PTICI;S. .A. 7 r o p e r t y  :smon t 3  most suspension systems 
i s  " r o l l  s z e e r . "  I c  p a r t i z u l a r ,  Far ;ne beam-type f r o n t  suspension used on h e a q  
v e h i c l e s ,  t h e  l o c a t i n g  f a n c t i o n  :f t h e  l e a f  sprir.gs causes  t h e  a x l e  t o  move throu2h 
a  curved. p a t h  ( a s  .rle.~.e5 :'rcn; t h e  sidc. ,  r a t h e r  thar. -b re r t i ca l ly  dur ing  ;jounce and 
rebound. As t h e  v e h i c i e  r o l l s ,  sh;s sc:lan impar ts  s-me s t e e r  ang le  t o  t h e  a x l e  
( s e e  F igure  5-2C). Thus, t h e  a z ; ~ a l  s t e e r  ang le  of e i t h e r  f r o n t  ,vheel may be ex- 
p e s s e d  a s  t n e  S W  s f  The s t e e r  ang le  o?? t he  a x l e  p l u s  t h e  s t e e r  ang le  of t h e  
wheel r e l a t i v e  t o  t h e  a x l e .  Ti :he s l n c l a t i o n  i s  be icg  nsed i n  con junc t ion  w i t h  a  
t e s t  program, che s t e e r  ang le  o f  :he wheels r e l a t i v e  t o  t h e  a x l e  i s  comparatively 
easy t o  measwe an5 can be nade a.:ailabl.e a s  i n p u t .  ?or a c c u r a t e  simu'lat ion t h i s  
i n p u t  should then  be ~ s d i i ' i e 4  b;: %e add i t io r ,  3f t h e  s t e e r  ang le  caused by ax:,e 
r o l l  re1a;ive t o  t h e  frame. 
To implement ;h i s  a>prsac>i, t h e  s i n g l e  t a b l e  sr t h e  two r a b l e  i n p a t  
op t ion  d i s c u s s e d  above I s  : t l i i z e i  -,:J Lnsl~t  r,ke s t e e r  angle  of :he wheels r e l a t i v e  
t o  t h e  a x l e .  I n  a d d i t i o n ,  a  l i n e a r i z e d  r3li s t e e r  c o e f r i c i e n t  (whose u n i t s  a:re 
degrees  a x l e  s t e e r l d e g r e e  r o l l  :rLth p o s i t i v e  values  implying f r o n t  a x l e  r o l l  s t e e r  
i n  t h e  under s t ee r  3 i r e c t i o n )  musr, be  Ir,pct t o  t h e  Fr-.gram. During a  s i m u l a t i m  
run,  t h e  progrm,  :alculai;es r311 angle  c f  s h e  v e h i c l e  r e l a t i v e  50  t h e  f r o n t  a x l e  
( n o t e  t h a t  t h e  a x l e  i t s e l f  :%:ill r o l l  s l i g h t l y  h e  t o  v e r t i c a l  t i r e  d e f l e c t i o n )  and, 
w i t h  t h i s  i n l ~ r m a t i ' x ,  an5 t h e  r?i!. s;eer -cefI"i.cierit,  the program w i l l  c a l c u l a t e  
t h e  r o l l  s t e e r  of t s e  f r m t  a x l e .  The ecaa t ions  of  i n t e r e s t  a r e :  
Frame Rail 
S i d e  View 
Jounce P o s i t i o n  
Axle Center ,  
Rebourd P o s i t i o n  S t a t i c  P o s i t i o n  
Axle Center  Pa th  
4 Axle P o s i t i o n ,  
P lan  V i e w  
D i r e c t i o n  
Axle P o s i t i o n  f o r  Right Turn 
( l e f t  s i d e  i n  jounce; r i g h t  
of  Trave l  
s i d e  i n  rebound) 
+I r h l e  R o l l  S t e e r  
F i g  - 2  Schematic clhgrarn: a x l e  r o l l  s t e e r  
where 
F I  i s  +,he f r o n t  wheel s t e e r  ang le ;  I = 1 l e f t ;  I = 2 ,  r i g h t  
FTI i s  %he f r ~ n - r ,  wheel scepr  ang le  from t a b l e  i n p u t ;  I = 1, l e f t ;  I = 2 ,  
r i g h t  
i s  t h e  body r o l l  ang le  
$A1 i s  t h e  f r c n t  a x l e  r o l l  ang le  
RSCl i s  t h e  f r o n t  a x l e  r o l l  s t e e r  c o e f f i c i e n t .  
Although it i s  p e r m i s s i b l e  t o  us? +he r c l l  s t e e r  op t ion  w i t h  t h e  s i n g l e  t a b l e  
s t e e r  ang le  i n p u t ,  t h i s  p r a c t i c e  i s  no t  recommended. The approximation accep ted  by 
us ing  a n  average f r o n t  wheel s t e e r  ang le  >rould tend t o  negate  any i n c r e a s e  accuracy 
gained by c o n s i d e r i n g  a x l e  r o l l  s t , e e r .  
A d e s c r i p t i o ~  of a  t e s ~  me5hod s u i t a b l e  f o r  measuring t h e  r o l l  s t e e r  c o e f f i c i e n t  
of  a  s p e c i f i c  a x l e  i s  g iven i n  Sec t ion  Ei.5.1. 
3 -4 .: CCM3IPED RCLL, PITCH AND ROllIJCE STEER OPTI3K. I n  a d d i t i o n  t o  a x l e  s t e e r ,  
p i t c h ,  bounce, and r o l l  motions of t h e  ::hassis can cause smal l  s t e e r  a n g l e  d i s p l a c e -  
ments of  t h e  l e f t -  and r i g h t - f r o n t  wheels .  I f ,  a s  was d i scussed  i n  Sec t ion  3.4.5 
s t e e r  ang ies ,  a s  measured r e l a t i v e  t o  t,he a x l e  a r e  used a s  i n p u t ,  then  t h e s e  add i -  
t i o n a l  e f f e c t s  a r e  a u t o m a t i c a l l y  accounted l o r  i n  t h e  i n p u t .  I f ,  however, t h e  u s e r  
wishes  t o  inpu t  a nominal driver-atterr?p+,ed s t e e r  a n g l e  and t h e n  compute t h e  a c t u a l  
f r o n t  wheel s t e e r  ang les ,  it i s  necessar:; t o  i n c l u d e  t h e  e f f e c t s  s f  t h e  motion o f  
t h e  v e h i c l e  on t h e  s t e e r  a n g l e s .  
An e::act p r e f i c t i o n  c f  t h e  e f f e c t s  of  suspension motion on s t e e r i n g  a n g l e s  
would i n v s l v e  t h e  s o l u t i o n  sf a cornp1.e~ l i n k a g e  problem i n  t h r e e  dimensions.  The 
zgmputa t i sca l  evponse -f sxch a ~ s l :  ti>?. xas not f e l t  t.3 be warranted : ; i th ic  the  
con tex t  ?f  a  t : tai  .rehi,-le s lm~, ls t i ; : l .  2onsequent ly ,  3 s i m p l i f i e d  model, b a s e j  cn 
a  variet : ;  c f  ass~npnptloss, was ?r;;el:,7e1. I t  i s  f e l t  ' h a t  t h i s  model reduces t h e  
complexity of t h e  p r ? b l e ~ .  t3 3 i e v c l  ,:?mr:~ensurate ,xi<P, i t s  r s l e  w i t h i n  t h e  t a t a l  
s imula t ion  p, "3 g ram. 
The b a s i c  assurcptisns whick, vrl-t. :r.ade i n  developing t h i s  madel a r ? :  
( I )  Axle l x a t l o n  i s  depe::ieR+ ;n t h e  j e f l e c t i o n  and l o c a t i n g  pr : )per t ies  af 
t h e  l e a f  s p r i n g s  unit?!. L-e?ti:al l oad ing  .?nly. Spr ing displac!ements d ~ e  
t o  hor i zocxa l  an3 t o r s i o n a l  loads  a r e  ignored.  
(2) D i f f e r e n t i a l  s t e e r  ank;les about t h e  nominal driver-commanded s t e e r  ilngles 
a r e  equa l  l o r  both  t h e  lef :  and r i g h t  wheels.  The d r i v e r - i n p u t  s t e e r  
ang les ,  h w e v e r ,  may 5e  d i f f e r e n t  s i d e - t o - s i d e .  
( 3 ;  A l l  componenLs o f  t h e  s teer i r ig-suspension system, s t h e r  t h a n  t h e  l e a f  
s p r i n g s ,  a r e  r i q i 5 .  (C?r',air. e f ' f e - t s  of s t e e r i n g  compliance w i l l  b e  
t r e a t e d  in5ependent ly  i n  Sec t ion  3 . h  .?. ) 
For t h e  sake of c l a r i t y ,  t h e  f i t u r e s  employed i n  t,he f 3 l l m i n g  d i s c u s s i c n  
showr, t h e  nominal driver-commanded sT.t.er a ~ g l e s  a s  zer:. Eiwever, t h e  arguments 
apply f o r  any s t e e r  angle  i n p u t .  Tht: ncmenclature employed below i s  de f ined  i n  
Table 5 - 5 .  
TA3LE 5 - 5  
S t e e r i n g  S:;ste:n ::on;enclature: 3 e f l e c t i ~ n  S t e e r  
F I F r s n t  wheel s t e e r  arigle; I = 1, l e f t ;  I = 2 ,  r i g h t  
€ TI Atsempted wileel s t e e r  angle  from t a b u l a r  i n p u t ;  
I = 1, l e f t ;  I = ?, r i g h t  
LC I 3 i f f e r e n t i a l  s t e e r  angle  due t c  r311, p i t c h  and 
3cdnce; I = 1, l e f t ;  I = 2, r i g h t  
b 3 i +- . , e r en t i aL  - p o s i t i o n  ventor of p o i n t  7 i n  sprung 
mass a x i s  s,,rste? 
c 3 i f f e r e n t i a l  p o s i t i z n  v e c t x  of p c i n t  C i n  sprung 
mass a x i s  s:stex 
- 
Xc The n3mponefit 3f c  I n  :he x  d i r e c t i o n  
- 
Zc The component of c i n  t h e  z d i r e c t i o n  
Y KF L a t e r a l  3ista:lce from f r o n t  a x l e  c e n t e r l i n e  t o  
s 'eering sgsyem klng p i n  ( p o i n t  C; 
k%R L a t e r a l  d i s ~ a n c e  frorr! frront a x l e  c e n t e r l i n e  t o  
s p r i n g  attac5mer-i- p s i n t s  
Consider F lgure  z-21 Ln ~ n ; c h  :he r e f e r e n c e  a x i s  system i s  f ixed  t o  t h e  ve- 
h i c l e .  From t h e  geonetr;; 3f ih t .  f i g a r e ,  *be c i i f f e r e n t i a l  s t e e r  angle of t h e  l e f t  
knuckle which w w l d  r e s u l t  from a c ~ .  s ~ s p e n s i o n  d e f l e c t i a n  can  be de f ined  a s  some - - 
func t ion  3f t h e  d i f f e r e n t l a 1  ~ 3 t i 3 r i  ~ e r : s r s ,  b and c ,  of p o i n t s  9 anc C ,  r e spec -  
t i v e l y .  Tha t  1 s  
- - 
3Pl = f , ( b , c )  
L 
Assumptian (:), above, s:aies t h a t  
J - - - Nominal 
Def lec ted  
F igure  3-21, D i f f e r e n t i a l  s t e e r  a n g l e s  due t o  suspension d e f l e c t i o n  
An i n t u i t i v e  f e e l  f o r  ;he accuracy of assumption ( 3 )  and, consequent ly ,  of  
Equation (5-63)  can be gained by n o t i n g  t h a t  assumption (31 impl ies  t h a t  t h e  f o u r  
ba r  l inkage  composed of  t h e  f r o n t  a x l e ,  t h e  l e f t  and r i g h t  s t e e r i n g  knuckles,  and 
t h e  t i e  rod i s  a  pa ra l l e logram.  AS i l l u s t r a t e d  i n  F igure  3-22, Equation (3-63) 
holds  e x a c t l y  f o r  such a system, r e g a r d l e s s  of t h e  angu la r  p ~ i t i o n  assumed by 
t h e  f r o n t  a x l e .  To t h e  e x t e n t  t h a t  t h i s  l i n k a g e  i s  no t  a  pa ra l l e logram,  Equat ion 
(3-63) i s  an apprcximat ion.  
Equat ion (3 -63)  i n d i c a t e s  t h a t  bo th  t h e  l e f t  and r i g h t  d i f f e r e n t i a l  s t e e r  
ang les  a r e  a  f u n c t i o n  of  displacements ,  and c ,  of p o i n t s  B and C from t h e i r  nomi- 
n a l  p o s i t i o n .  Cansider  t h e  displacement  b .  Point  3 i s  c o n s t r a i n e d  by t h e  d r a g  
l i n k  A B  t o  move on a  s p h e r i c a l  s u r f a c e  of r a d i u s  w i t h  c e n t e r  a t  A .  The p o s i t i o n  
of pain: B on t h l s  s u r f a c e  i s  a  f u n c t i o n  of t h e  p o s i t i o n  of p o i n t  C r e l a t i v e  t o  
t h e  v e h i c l e  frame and t h e  r o l l  a n g l e  of  t h e  f r o n t  a x l e  r e l a t i v e  t o  t h e  v e h i c l e  
frame. (Diote t h a t  e f f e c t s  due t o  s p r i n g  wrap-up o r  l a t e r a l  motion of t h e  a x l e  a r e  
ignored a s  p e r  t h e  f i r s t  assumption.)  For any g i v e n  s t e e r i n g  system, l e n g t h  6 
i s  f i x e d ,  and s i n c e  t h e  l o c a t i o n  of  p o i n t  A i s  a  f u n c t i o n  only of t h e  d e s i r e d  l e f t  
wheel s t e e r  ang le ,  FT1, t h e  displacement  b can be cons ide red  a  f u n c t i o n  of c, & T I ,  
and t h e  r o l l  a n g l e  of t h e  f ' ront a x l e  r e l a t i v e  t o  t h e  v e h i c l e  frame. Due t o  t h e  
c l o s e  p rox imi ty  i n  t h e  y d i r e c t i o n  of p o i n t  B t o  p o i n t  C and t h e  smal l  r o l l  a n g l e s  
a t t a i n e d  by t h e  f r o n t  a x l e  r e l a t i v e  t o  t h e  v e h i c l e ,  t h i s  l a t t e r  e f f e c t ,  i . e . ,  
f r o n t  a x l e  r o l l ,  i s  ignored .  (Note t h a t  t h e  most important  e f f e c t  of f r o n t  a x l e  
r o l l  i s  t h e  v e r t i c a l  d e f l e c t i o n  of  p o i n t  C ,  which i s  included i n  t h e  a n a l y s i s .  It 
i s  t h e  s l i g h t  a d d i t i o n a l  e f f e c t  of  t h e  change i n  o r i e n t a t i o n  3f t h e  a x l e  a t  p o i n t  
C which  i s  ignored.  ) Then, 
6 = f  ( C ,  E T ~ )  
2 
(3-64) 
Consider nu :  t h e  schematic if t h e  f r o n t  a x l e  diagramled i n  Figure  1 -21 .  Fror  
t h e  geometry of t h e  f ig ; re ,  we f i n d  :hat - 
It  has been a s s m e i  :hat a x l e  l s c a t i o r .  i s  dependent on t h e  d e f l e c t i a n  :icd 
l o c a t i n g  p r ~ p e r r i e s  s f  t h e  Leaf s?r l rAgs under v e r t i c a l  load ing  sn ly ,  i . e . ,  t h a t  
Xsl and XSi a r e  func:icns 2: ?SI ""3 Is:,  respectivel; . .  Heasiirements performed 
on t h e  two v e n i c l e s  t e s t e ?  1- - h i s  s;,~; i n d i c a t e s  t h a t  i t  i s  r easonab le  t o  a s -  
sume t h a t  t h i s  r e l a t i a n s n i p  I s  l i n e a r ,  l e e . ,  
S u b s t i t u t i n g  53ua t i3ns  :;-6") an? (5-64) i n t o  ( 3 - 6 7 )  y i e l d s  
+ z 
i ?  [-., S? + - 'I] !: = "  . , r- 
c . c YKP Y7R 
c 
F igure  3-23. Front  a x l e  w i t h  l e a f  s p r i n g  
w i t h  t h e  a i d  of Equat ion (3 -66) ,  Equation (3-70)  y i e l d s  
The q u a n t i t i e s  XC and Z may be cons ide red  a s  t h e  components of  t he  d i f f e r e n -  
C 
t i a l  motion, S, ( i g n o r i n g  t h e  very smal l  component of  c i n  t h e  y  d i r e c t i o n ) .  That 
i s  
and from (3-68)  
Thus c i s  a  f u n c t i o n  of  Z  only,  v i z . ,  
C 
Combining Equat ion (3-63)  and (3-74) y i e l d s  
A € 1  = A = f [ f  ( Z ) , & T l ]  
3 4 c  
Measurements conducted i n  t h e  l a b o r a t o r y ,  on t h e  two t e s t  v e h i c l e s  i n d i c a t e d  
t h a t  f o r  a p a r t i c u l a r  FT1, t h e  r e l a t i o n s h i p  of  Equat ion (3 -76)  may be approximated 
by a l i n e a r  f u n c t i o n  of Zc .  That i s  
where 
The . , a r l a ' ~ l e  2 ,  I s  t h e  v c r : x a l  l i s p l a c e c e n t  zf  +he l e f t  Xing p i n  1-elativt3 t,? 
t n e  v e h i c l e  f r a m .  2efl : l lng Z,,,, a:: t ne v e r t i z a l  m > t  l > i i  i n  i n e r t  is1 spo=c 31' ? > i ~ i t  -. 
C, a t t a z h e d  :o 3 e  a x l e ,  ~ : i j  Z,,.., a s  :he v e r t i c a l  mstisn i n  int-r : ial  spec?  zf' a n  
L L 
imaginary c s i n c i i e n t  ? = i ~ i  atta:,::->A *, 2 t h e  sprJnK rr,ass, LC can bi. w r i t t e r .  a s  
where p o s i t i v e  v s l u e s  sf Z,, in<l:&te ex tens ion  o f  t h e  l e f t  f r m t  s p r i ~ r r .  
Frclr. E q u a t i x  (2-1C) 
where 
AL Ls t h e  stat:-c P.3rizcr.tal d i s t a n c e  f r c x  t h e  s p r j n g  mass c e n t e r  t 3  
;he 5-or.t a x l e  
DELTA1 i s  the s t a t i c  i rer ; i?a l  d l s t a n c e  from t h e  sprung n a s s  r e n t e r  ' ; 3  
she  f r o r . t a x l e  
Zi'J i s  :he zhsnge ir, v e r t i c a l  p s i t i o n  of  t h e  sprung mass c e n t e r  
The v e r t i c a l  mcltion, Zca, mar. be expressed a s  
I, = ZAl - YKP * @A1 ( 3 - ? l )  
3 8 
W 1  i s  t h e  i e f l e c t l o r .  crf khe a x l e  c e n t e r  .lo!.inward. f r o n  s t a t i c  eaclilibrim~m 
OAL i s  t h e  r311 ang le  ?f t h e  a x l e  
I n  t h e  s i m ~ i a t i x  p r s g r a n s ,  t h e  f l l m i ~ g  s e r i e s  of €;rents 3ccur a t  each t ime 
s t e p :  - \ 
(1: E q ~ a t i z n  (5 -7 ' - :  i s  st:l,ie:i ciy subrou t ine  X3LE a c t i n g  on t h e  use r  inpu t  
d a t a .  
(2) Eouati3r, (5-74; t h r s a g n  (:-;I) a r e  so lve5  f o r  t h e  value  of  Z c .  
( 3  This value  ?I" Zc I s  :;sei I n  X?ilation ( 3 - 7 ' )  t c  de termine t h e  d i f f e r e n t i a l  
s t e e r  m g l e s  ;<hich a r e  dse ' i  t:: m3difjr t h e  driver-commanded s t e e r  a n g l e .  
n 
-0 make use  sf t h i s  s t e e r i n ?  system op t ion ,  t h e  use r  must inpu t  t h e  commanded 
s t e e r  a n g l e s  us5r.g e i t h e r  %he s i n g l e -  sr t w s - t a b l e  inpu t  op t ions .  The u s e r  must 
a l s o  i n p ' ~ t  an  a d d i t i s n a l  t a b l e  ccrnsist ing 3f C, ,re:-sus ET1 d a t a .  3ur:ing a  si.rnula- 
t i o n  rur,, Eqt ia t lx i  (?-'el bp sc;;vel t h r x p h  a  l i n e a r  i n t e r p o l a t i o n  3n t h i s  
t a b u l e t e d  i n p u t .  
Although i t  I s  p e r m i s s i b l ?  t; -Ise t h e  r o l l ,  p i t c h  an.! bounce ste1.r 3p t ion  w i t h  
s i n g l e  t a b l e  inpd: 2:' :zru~.ar.ied s - c t r  a c g l ~ ,  ;his  p r a c t i c e  i s  not, recemmende:i. The 
approximation i r . t r ad i -e3  5; dsInk: ?r ayerage  v a l ~ e  f r o n t  wheel s t e e r  ang le  ,trould 
tend t o  negate  any in:r?ase,i e c e z a c ;  ;.alrie5 by z o ~ s i d e r i n g  s t e e r i n ?  caused by t h e  
k inemat ics  o f  The s ~ s p e ~ s i 3 : :  ar.b - n E  s t . ee r ing  rnezhanism. 
If ;he r o l l ,  pi tc?.  ac6 b s ~ ~ n c e  s t e e r  clpticn i e  used,  t h e  a x l e  r s l l  s t e e r  o p t i ~ n  
( s e e  pre7rious s e - i l ~ n ,  ::a7 n c t  =ie ~ s e 6 .  ( ~ s e  3f :he a x l e  r3 l l  s t e e r  op t ion  impl ies  
t h a t  a l l  o t h e r  s z e e r  ~ f c e c s s  a r e  acccunted f s r  i n  t h e  t a b u l a r  i n p a t  d a t a . )  
The r e a i e r  t s  r e f e r r e & ?  t:; Secticln 5.3.2 ?3r 9 " e s c r i p t i o n  of a  t e s t  t echc lque  
which may be 1~seci :s ; b t a ln  C, . 
3.4.6 STEERING SYSTEM COMPLIANCE. The s t ee r ing  mechanisms employed i n  motor 
vehicles  u t i l i z e  mechanical components t h a t  possess  i n e r t i a l ,  compliance, and 
damping p rope r t i e s .  For t he  t y p i c a l  heavy vehic le ,  these  d i s t r i b u t e d  p rope r t i e s  
can be e f f e c t i v e l y  lurrped a s  shown i n  Figure 3-24. 
An examination of t h e  s t e e r  angles  and s t e e r i n g  wheel angle a s  measured on 
two vehic les  during t e s t i n g  indicated no dynamic r e l a t i onsh ip  between these  two 
var iab les ,  Consequently, it was concluded t h a t  t h e  s impl i f ied  model of Figure 
3-25 would s u f f i c e  t o  represent  s t e e r i n g  system compliance. The t o r s i o n a l  spr ing  
constants  SK1 and SK2 a r e  r e l a t e d  t o  SK1' and SK2' and the  s t e e r i n g  system geometry 
and they may be determined i n  t h e  labora tory .  The d i f f e r e n t i a l  s t e e r  angles ,  A61 
and AE2, about t h e  nominal s t e e r  angle r e s u l t  from the  de f l ec t i on  of springs SK1 
and SK2 under t he  e f f e c t  of t he  t i r e  a l i gn ing  moments, MZ1 and MZ2. 
The equat ions fo r  the  d i f f e r e n t i a l  s t e e r  angles may be derived wi th  reference 
t o  Figure 3-25, viz . ,  
The s t e e r i n g  system compliance model may be used wi th  e i t h e r  t he  s ing l e  or 
two t a b l e  s t e e r  angle input  opt ions.  Further ,  it may be used csncurren t ly  wi th  
t h e  r o l l - ,  p i t ch -  ar.d b o u ~ c e - s t e e r  option, but t h i s  model i s  not allowed i f  t he  
ax le  r o l l  s t e e r  option has been se lec ted .  ( ~ o t e  t h a t  t h e  use of t he  ax l e  r o l l  
s t e e r  opt ion implies  t h a t  a l l  other  s t e e r  e f f e c t s  a r e  accounted f o r  i n  t h e  t abu la r  
input  da t a . )  Addit ional  input  da ta  a r e  required and a  technique f o r  obtaining 
SK1 and S E  i s  described i n  Sect ion 5.3.3. 
I t  should be noted t h a t  brake force  app l i ca t i on  has an i m p o r t a ~ t  e f f e c t  on 
s t e e r  angle due t o  l e a f  spr ing  wrap-up and king p i n  o f f s e t .  These e f f e c t s  a r e  not 
Figure 3-24. S teer ing  system rnoael wi tn  i n e r t i a ,  compliance, and clanping 
t A82 
Fig- re  5-2; .  S ~ r n p i ~ f l e c :  s t e e r i n g  system -zmpliance mmel 
modeled h e r e .  C 3 n s e q ~ e n t l y ,  t h i s  m x e l  i s  mQst applicable ir? t u r n i n g  maneuvers 
which do not  i n v o l - ~ e  b r a k i n g ,  
:.: THE FIFTY bL3EEL 
The ana l j r s l s  clf :he mechar.i,-s cl?  t h e  f i f t h  x h e e l ,  a s  p resen ted  he re ,  i e p a r t s  
r a d i c a l l y  fr2m 7re;rious anal:rses, most no tab ly  t h a t  of Leucht [6] an:! Idikulcik [7]. 
It  w i l l  be b e n e f i - i a l  a t  t h i s  junc tu re  t o  b r i e f l y  review t h e i r  work. 
The v e h i c l e  model of  Leucht e ~ t a i i s  fou r  degrees  c f  freedom, namely, t h e  yaw 
p l a n e  c o o r d i n a t e s  X and Y and :jaw ang le  + of  t h e  t r a c t o r ,  ar.3 t h e  a r t i . c u l a t i c n  
a n g l e  of t h e  t r a i l e r  r e l a t i v e  :o thc  t r a c t o r .  I t  was assume5 t h a t  t h e  f i f t h  wheel 
could  t r a n s m i t  a  yaw mxnent (ciue T D  E r l c t i o n )  b s t  ns  p i t c h  or  r o l l  moment. The 
l a t e r a l  t r a n s f e r  af wheel 13a2;; exper ienced by t h e  t r a c t o r  i s  ca l cu la i , ec  on t h e  
b a s i s  o f  q u a s i - s t a ~ i c  c o r , s i d e r n t i m s  v i t h  t h e  a i d  :f an inpa t  parameter  desc r ibed  
a s  t h e  r o l l  r a t e  d ls : r ibut ior ."  S l n c ~  r o l l  moments canc3t  be t r a n s f e r r e d  by t h e  
f i f t h  wheel, t h e  r o l l  K:,sinents -.r, t h e  ' . r a i l e r  a r e  balanced e n t i r e l y  by t h e  l a t e r a l  
t r a n s f e r  of load or. t h e  ; i r e s  :f t h e  t r z l l e r .  
The v e h i c l e  rr.odel ;f I t ikulc ik  e c t a i l s  e i g h t  degrees  of freedor., namely, t h r e e  
zoord ina te  and t h r e e  r o t a t i m a 1  degrees  gf freedom f s r  t h e  sprung mass of  t h e  
t r a c t o r ,  ar,d tw2 r o t e t i s ~ a l  j e g r e e s  3f f r e e d m  f o r  t h e  sprung mass of t h e  t r a i l e r .  
The f i f t h  wheel c o r , s t r s i n t  i s  q u i t e  ca re fu l l ; ;  c m c e i v e d  mathematical1;q. When t h e  
t r a c t o r  an:! s e m l t r a l l e r  a r e  i n  i l n e ,  ;he r e s p e c t i v e  r z l l  ang les  a r e  cs>nstrained t o  
be equa l ,  and t h e  a p p r 2 p r l a t e  e d j ~ s t m e r t s  a r e  made lr t h e  presence  of  an  a r t i c u l a t i o r ?  
a n g l e .  The r311 mercer.; ~racsml:t.-;,i  2: ;  :he :'lf;h wheel i s  p r e c i s e l y  t :nat  moment r e -  
qu i red  by t h e  ge3metric z o n s t r a l x t .  
33th  3r' t h e  ab2ve ~ ; . ^~Ce l s  ci3;;lii :;r.sti+,ute 8 ~ e a s 3 n a b l e  s imula t ion  ~f  braking 
and/or  hand l ing  3aneu.lers i f  ;he iyr.er?',-s -5 t h e  u r~spr sng  masses a r e  not impor tant ,  
a s  i s  t h e  c a s e  f o r  . ~ e h i c l e s  v l t h o ~ t ,  :,andem a x l e s  2pe ra t ing  3c srnooth roads,  and i f  
t h e  a c c e l e r a t i o n s  a r e  reasonab1.i s n a l ?  such t h a t  it i s  nzt c r u c i a l  t o  predic ' ;  l a t -  
e r a l  load t r a n s f e r  a s  carefl ; i ly a s  p c s s i b l e .  :io7dever, t o  expand t h e  v a l i d  range 
3f t h e  s i m u l a t i o n ,  it was f e l t  tha: a r a j i c a l  d e p a r t u r e  fr3m t h e  t r a d i t i o n a l  work 
was c a l l e d  f o r .  I> t h e  analysis -2 be g resec led  h e r e i n ,  t h e  t r a c t o r  and s e a i t r a i l e r  
each have s i x  degrees  of f r eed~m--he re  i s  no geometric c o n s t r a i n t  a t  t h e  f i f t h  
wheel.  There i s  r a t h e r  a  f o r c e  and r,onent c o n s t r a i n t  i n  which t r a c t o r  and t r a i l e r  
a r e  s u b j e c t  co  equa l  and 3ppos i t e  f x c e s  and ~ o m e n t s  dependent 3n t h e  C i f f e r e n c e  
* ~ o t e  t h a t ,  s i n c e  r s l l  i s  r.2: inclc,ieri i n  t h e  m385e1, :he s l~s t en ;  i s  s t . a t i z a l l y  i c -  
de te rmina te  and t h u s  r e q u i r e s  t h i s  s d d l t i s n a l  parameter .  
i n  the  f i f t h  wheel pos i t i on  and o r i e n t a t i o n  a s  measured on t h e  t r a c t o r  and the  semi- 
t r a i l e r .  
There a r e  bene f i t s  t o  t h i s  new formulation: 
(1) F i f t h  wheel cons t r a in t  r e s u l t s  very s imi l a r  t o  t h e  models of e i t h e r  
Leucht or Mikulcik may be simulated by proper choice of f i f t h  wheel 
cons t r a in t  parameters. 
( 2 )  The forces  and moments being t ransmi t ted  across t h e  f i f t h  wheel a r e  
e a s i l y  computed. These a r e  summarized on t h e  computer output page en- 
t i t l e d  " F i f t h  Wheel Summary. " 
( 3 )  Since t h e  dynmic coupling caused by a r i g i d  f i f t h  wheel cons t r a in t  has 
been removed, no matr ix invers ion  i s  required t o  solve f o r  t h e  acce lera-  
t i o n s .  There a r e ,  however, more equations t o  i n t e g r a t e  due t o  t he  added 
degrees of freedom. 
3 -5 .1  THE FORCE TRANSMITTED AT THE FIFTH WHEEL. I n i t i a l l y ,  t h e  f i f t h  wheel 
pos i t i on  of t h e  t r a c t o r  and t h e  s emi t r a i l e r  a r e  assumed t o  be i den t i ca l .  As t he  
s imulat ion run proceeds, however, forces  developed a t  t he  t i r e - road  in t e r f ace  w i l l  
::' cause d i spa ra t e  pa ths  f o r  t he  f i f t h  wheel pos i t i on  of t h e  t r a c t o r  and t h e  semi- 
t r a i l e r ;  a  d i s tance  & w i l l  develop between them. A l i n e a r  spr ing  and dashpot a r e  
the  assumed connection a t  t he  f i f t h  wheel a s  i s  shown i n  Figure 3-26. The force  
t ransmi t ted  i s  then 
= K F W - E + C ~ ~  (3-84) 
where KFW and CFW a r e  constants descr ib ing  t h e  spr ing  r a t e  and d i s s ipa t ion .  
Figure 3-26. F i f t h  wheel cotipling model 
The d i r e c t i o n  of F i s  assumed t o  be along a l i n e  through the  f i f t h  wheel lo -  
ca t i on  of t he  t r a c t o r  and s e m i t r a i l e r .  The computation of & and &, while s t r a i g h t -  
forward, a r e  qu i t e  lengthy and thus a r e  l e f t  t o  Appendix C .  
Note t h e r e  i s  no requirement t h a t  the  parameters KFW and CFW r e l a t e  t o  t he  
a c t u a l  mechanics of t he  f i f t h  wheel; they must only prevent l a rge  displacement be- 
tween t r a c t o r  and semi t r a i l e r  a t  t he  f i f t h  wheel. The following a r e  t h e  requi re-  
ments fo r  the  model: 
( a )  E must remain small  
( b )  KFW and/or CFW cannot be l a rge  enough t o  cause na tu ra l  f requencies  above 
1 3  Hz i n  t he  dynamic system (and thus  neces s i t a t e  shortening the  in tegra-  
t i o n  time s t e p  ~ t ) .  
The spr ing  r a t e  KFW has been chosen such t h a t ,  i n  a  hypothet ical  s t r a i g h t  l i n e  
braking maneuver i n  which t h e  vehicle  i s  dece lera ted  a t  32.2 f t / s ec2  via  a c t i ~ n  of 
t h e  t r a c t o r  braking system only, t h e  spr ing  may be expected t o  d e f l e c t  l e s s  than 
c This r i z e r l ; r .  1 s  met '0,: S e C f l ~ g  
J ;  = ('il *.AS) 1 b s " i n  
This l'ormulati.]p lc.a\is r 2 i.; i :~. l~i i i~ ; ~ : h ; ~ ~ h  may bc .-:rycr:ed t 3  be ! + e l l  !.,,:thin an aC- 
c e p t a b l e  range as f a r  e s  n a t u r a l  f rcquences  a r e  czncerned. ( ? b t e  tha.t t h e  t . s t a l  
s p r i n g  r a t e  of :he : i res  ;r r h t  t r a ~ l t a r  r e a r  a x l e s  ma:; 5e much n i g h e r . )  
n. ,,,ser! ir ,  The f 3llorjinq f a s h i m .  Consider the s i n p l i f  i e d  iile dampinr; CF'd I s  2"- 
a r t i c u l a t e d  v e h l c l e  3I' Figure  :-2;, aga in  ir. a  s t r a i g h t  l i n e  maneuver. For t h e  
s i t u a t i m  w i t h  n. t r a i l e r  braking,  t h e  equa t ion  5f 1 ;ng i tud ica l  motion of t h e  
t r a i l e r  ma;' be w i t t e n  
where W 1  + 'dS i s  t h e  t o t a l  weignt sf t n e  t r a i l e r  sprung and unsprung masses. Cnn- 
s i d e r i n g  t h e  t r e c t o r  mo:ion a s  an in iependen t  functirjrr of t ime,  E q u a ~ i o n  ( 3 - F 6 )  
mag be r e w r i t t e n  . . 2. 
y + 21~: ., + L D Y  = f i t )  (3-87) 
r," n  
where 
C R J  i s  chosen such t k a t  t h e  dirr,er.slanless damping r a t i o  ( i n  Equation (13-671 
i s  s e t  Co 0.:. I n  t h i s  f a s h i c n ,  v : i r ~ a l i s t i c  t r a n s i e n t s  ciue t 3  t h e  non-rigi~j.  f i f t h  
wheel coup l ing  a r e  v i r t u a l l ;  t l L ~ : c a t e a .  
These methods r'or t h e  ch3ice  3r' an5 CFd a r e  nrjn-rigorous and, it would 
seem, may be s a s c e p t i b l e  t o  g ive  eyrcneous r e s u l t s  f o r  some range of'  v e h i c l e  param- 
e t e r s .  However, Chis nodel  has prJrlen very sat is factor;^ i n  t h e  v e h i c l e s  a l r e a d y  
s imulated.  73 give  t h e  u s e r  some assurance t h a t  h i s  r e s u l t s  from t h i s  model a r e  
reasonab le ,  t h e  value of ; ? I  i s  p r i n t e d  ogt  3n t h e  f i f t h  wheel summary page. 
Large values of I & ]  would ce r t a in ly  be cause t o  question the  methods of ca lcu la t ion  
of KFW and CfW given here. 
3.5.2 THE MOhENT TRANSMITTED THROUGH THE FIFTH WHEEL. Only a r o l l  moment may 
be t ransmit ted by the  f i f t h  wheel model; t h e  yaw moment due t o  coulomb f r i c t i o n  or 
an t i - jackkni fe  devices a t  the  f i f t h  wheel a r e  neglected. (These may e a s i l y  be 
added by t h e  u se r . )  The r o l l  moment, which i s  assumed t o  be the  product of constant 
KRM and the  d i f fe rence  i n  r o l l  angles and @t of the  t r a c t o r  and semi t r a i l e r  f i f t h  
wheel, i s  appl ied along a l i n e  i n  the  $1 d i r e c t i o n  ( i . e , ,  along the  longi tudina l  
ax i s  of t h e  t r a c t o r ) .  This i s  an approximation s ince  m and at  a r e  not measured 
about t he  same a x i s ;  however, qu i t e  reasonable r o l l  moments should be expected fo r  
reasonable a r t i c u l a t i o n  angles. ( ~ o t e ,  a  l a rge  a r t i c u l a t i o n  angle would imply t h a t  
p i t c h  angles would a l s o  be a  measure of t he  r o l l  moment, and thus t he  present  analy- 
s i s  would requi re  modification. It i s  not,  however, t h e  goal of t h i s  simulation t o  
dea l  with l a rge  a r t i c u l a t i o n  angles;  t o  ca re fu l ly  model the  jackknife phenomena t o  
i t s  conclusion requi res  more sophis t ica ted  t i r e  model and f i f t h  wheel model than 
have been considered i n  any previous work or w i l l  be considered here.)  
The r e s to r ing  moment constant  KRM i s  e n t i r e l y  d i f f e r en t  i n  purpose from the  
"spring r a t e "  KFW. The measure of t he  "proper" operation of KFW i s  t h a t  1f.l be 
small;  it seems c l e a r  t h a t  only t h e  proper f i f t h  wheel force can e f f e c t  t h a t  end. 
The predicted d i f fe rence  i n  r o l l  angles between t r a c t o r  and semi t r a i l e r  w i l l  be 
qu i t e  small, however, independent of the  choice of KRM. The value of KRM i s  chosen 
not t o  keep the  d i f fe rence  between t h e  r o l l  angles small;  r a the r  it i s  chosen t o  
t ransmit  t he  proper r o l l  moment across the  f i f t h  wheel. Thus t h i s  constant  has 
been determined experimentally a s  explained i n  Section 5.4. (Note t h a t  t o  approxi- 
mate the  f i f t h  wheel model of Mikulcik, a s  l a rge  a  value a s  possible* fo r  KRM would 
.- be chosen.) 
3.6 THE INCLINED ROADlrlAY 
There i s  good reason t o  wish t o  simulate vehicle  performance on r e a l  roads. 
Careful s imulat ion of an a c t u a l  s i t e  could provide i n s igh t  i n t o  t he  e f f e c t s  of t he  
surface, grade, superrelevat ion and curvature on vehicle  performance, and the  com- 
binat ions of vehicle  and roadway f ac to r s  which simulation shows t o  be causes fo r  
l o s s  of con t ro l  might be compared with t he  accident  da ta  from t h a t  s i t e .  However, 
t he re  a r e  ser ious  d i f f i c u l t i e s  t o  contend with before such a simulation i s  f ea s ib l e .  
The f i r s t ,  and perhaps most ser ious,  d i f f i c u l t y  i s  the  necess i ty  t o  "close t he  
loop" i f  a  r e a l  road i s  t o  be simulated, i . e . ,  t o  ca l cu l a t e  t he  s t e e r  angles during 
the  course of t he  s imulat ion such t h a t  the  vehicle  model w i l l  follow the  roadway, 
r a the r  than t o  give an input s e t  of s t e e r  and braking data  and ca l cu l a t e  t he  path 
of the  vehicle  model. Simple closed loop models have been attempted f o r  t rucks 
and a r t i c u l a t e d  vehicles  by various inves t iga tors  ( f o r  example, [a ] ,  [9], [ l o ] ) .  
However, it i s  the  be l i e f  of t he  authors  of t h i s  work t h a t  t he  s imulat ion of an 
ac tua l  d r ive r  i s  a  complex t a sk  beyond the  c a p a b i l i t i e s  of such s impl i f ied  tech- 
niques, and t h a t  a  simple model might, i n  some cases,  hide meaningful r e s u l t s  
ava i lab le  from open loop simulation, The user may, however, e l e c t  t o  "close t he  
loop" himself, s ince  a  d r ive r  model such a s  those given i n  [ g ]  and [ l o ]  may be 
e a s i l y  added t o  the  simulation. ** 
* Again, l imited only by the  10 Hz upper bound on frequency of o sc i l l a t i on .  
* * The s t e e r  model given i n  [8] i s  d i f f e r e n t  conceptually from those considered 
here. The f ron t  wheel s t e e r  and the  braking a r e  degrees of freedom in  t h i s  
model, and t h e  des i red  t r a j e c t o r y  i s  t h e  input  funct ion of time. 
I n  l i e s  3:' 3 'r;,ier rr.o:iel, ;nc  cl;ht wish t o  spf.-1:';,- a r f 3 a l i s : i s  tc:.~,.i:n an! 
t r y  t s  g a i c  ins ig ;? t  - h r ~ u a h  t h e  ar.al;.si? oi' Jpen l aop  v e h i c l e  s i n u l a t i s n  ?R such a  
t e r r a i n .  This  .:;ark has been a c : 3 ~ p l l s h e  successf.i;l;; by t:c:denr;; and Ileieys f o r  
an a u t o a o b i l e  [ i l l .  The e c u a t i s n s  of motion, hwe:;er, a r e  much more c:)mplicated 
t h a n  t h o s e  p r e s e n t e 5  h e r e l n ,  an<, it 'qas f e l t  t h a t  s x h  a d d i t i o n a l  ~ 3 m p l i c a t i o r ~ s  
would n ~ t  be i n  t h e  w e r a i l  user  i n t e r e s t  i n  t h e  case  of t h e  p r e s e n t  m:~del.* 
I n  v l e i  of  t h e s e  c 2 r . s i i e r a t : a r ~ s ,  1: was {ecided t2 use a  roaduay mcxiel i n  which 
t h e  normal f o r c e s  a t  t h e  s l r e - r y a l  i z t e r f a c e  a r e  a s s i ~ ~ e 5  t 3  have only  a itn csnlponent 
Thus t h e  m3del ma:: be thslg:1; c f  a s  a ~ l a n a r  s u r f a c e ,  p s s i b l y  i n ? i i n e : l ,  extending 
a s  f a r  a s  :s necessa ry  i n  t h e  :&::; zn? YN d i r e c t i o n s .  ;t i s  no t ,  hoxever, assumed 
t h a t  t h i s  road s u r f a c e  i s  s ~ s c t ~ - i .  32a i  p r c f i l e  d a t a  i n  f u n c t i o n a l  or  (coordinate  
forrr. ma;. be in t ro 'duced.  3us sir.-e t h e  r,srmal f s r c e s  a: t h e  ; i r e - road  i n t e r f a c e  d s  
n3t vary iR iirec:ion,  t t e  : 'ore-aft :r l a t e r a l  f o x e s  t h a t  might be expected due 
ts s u r f a - e  u c d ~ l a t i o n s  w i l l  no: be p r e a i c t e d  by t h e  x d e l .  
,-.4T r , . . , " m 7 - , - .  3.6.1 I,, U ~ . ; J A - L - # ! ! ~  : F T E  ZNCL!;,E2 XO:?YdA'f. The i n i t i a l  speed i n  t h e  l o n g i -  
t u d i n a l  d i r e c t i c c  i s  a  u s e r  inpu t  ? r a r i a b l e ;  a l l  o t h e r  i n i t i a l  c o n 5 i t i o c s  a r e  ,set 
t 3  ze ro .  Thus, i c i t i a l l y ,  on a  l e v e l  s d r f a c e  t h e  suspension f o r c e s  ad5 up t o  t h e  
weight  of t h e  s p r J n 5  mass and t h e  noment of t h e  suspecs ioc  f o r c e s  a b o ~ t  anv p a i n t  
i s  i d e n t i c a l l y  ze ro .  TAe normal f o r c e s  a t  t h e  t i r e - r o a d  i n t e r f a c e  add dp t o  t h e  
g ross  v e h i c l e  weigh:. 
This  cha ice  ?f i ~ i t i a l  coc5 i s ions ,  t ,3gether w i t h  t h e  assjumption t t a t  t h e  v e r t i -  
c a l  sdspens ioc  i ' c r res  do ncr, 2nar.g.- f i i r e c t i o n  a s  a  functlcJn of t h e  o r i e n t a t i o n  2f 
t h e  sprung mass, a l low an impsr t an t  s i m p l i f i c a t i o n  s f  t h e  e q u a t i m s  of' motion i f  
t h e  madway i s  not  i n c l i n e d .  I n  tine s ~ m a t i o n  of f o r c e s  on t h e  sprung mass, only  
t h e  change i n  load  i n  t h e  suspensions  need be considered,  s i n c e  t h e  s t a t i c  loads  
- w i l l  always ce e ~ u a l  a rd  oppos l t e  :hie v e i g h t  of t h e  s2rung mass. Thus t h i s  cho ice  
s f  c o o r d i n a t e s  t i l l ~ d s  cor.siderati;fi ;f t h e  sprung and unsprung mass equa t ions  of 
motior, w i thou t  a?;,. c a n s i d e r a t i c n  ar' 'he f o r z e  s f  t h e  weight of t h e  sprung and G n -  
sprung masses.  
The preblerr, becc?c?s s l i g h t  1:. nore  compl ica te5  i f  t h e  roaciway i s  i n c l i n e d ,  s i n c e  
t h e  suspension f c r c e s  and r . o r m l  f a r c e s  remair, normal r.o t h e  road r a t h e r  t h a n  op- 
p o s i t e  i n  d i r e o t l o r ~  t o  ?.he gra. : i tat ;3nal  f o r c e s .  The fo l loC) i ing  i s  t h e  p r o c e h r e  
f o r  a d j u s t i n g  t h e  e q u i t i a n s  of .-.:)tion ;.: accornrn~date an  i n c l i n e d  roadiaa:j: 
(1) The [X;, Y l ,  Z l ]  anc  [ >N, _:;, Z;J: systems ( t h e  unspr2r.g mass system and 
t h e  i n e r t i a l  system, res>ective ' ;y) a r e  aga in  t aken  t o  be c o l i n e a r  i n i -  
A 
t i a l l y .  The d i rec t io! ;  2 f  ?~1 er, l  ; r l  will, of  z s u r s e ,  change i n  t ime w i t h  
t h e  v e h i c l e  yaw a n g l e .  N x e  t h a t  %n and $n a r e  i n  t h e  road p lane  and Qn 
i s  p e r p e n i i o x l a r  t a  t i e  r s a d .  
( 2  The gravit:; 3 r : e  f i e l i ,  :,rh;se dire8:tion will be d e f i c e d  by t h e  ~ n l . ;  vec- 
c A A  or g, r.a,- be a t  an ang le  wi th  zc. ?he ;ser i c p d t  v a r i a b l e s  a r e  g l  and 
g2 where 
and 
m .  inds  t h e  5cc?~.p3r:en:s 3f th:. (ex;?- $ .i,efine t h e  5ire-tio:: of g r a v i t a t i o n a l  
f o r c e s ,  o r ,  :ran a ;i'> .,--erer.: EIC~?.: .?f .,~<f.;:, t h e  o r i e n t a t i o n  sf t h e  "r.oad." A few 
few examples ma;. be i i e l p f ~ i  
- .  *?hese :ompl ica t izzs  m ~ i z  oe e s p e z i a l l j  s e r i a l s  I n  t h e  p r e s e n t  work s i n c e  each 
of t h e  suspecs icn  op t i s - s  ,,,r3;16 ???,ire s p e z i a l  t r e a t m e n t .  
The g r a v i t a t i o n a l  f i e l d  vector  & has no component i n  t h e  $1 o r  $1 d i r ec t ions .  
Therefore, t h i s  sur face  has no inc l inda t ion  angle.  
The cosine of t h e  angle between 8 and %I i s  0.03. Thus t h e  XN ax i s  i nc l ines  
downward a s  shown i n  Figure 3-28. The included angle B may be found t o  be 
This corresponds t o  an i n i t i a l  o r i e n t a t i o n  of t h e  vehic le  a s  fac ing  d i r e c t l y  down- 
h i l l  on a 5% grade. 
The cos ine  of t h e  angle between 8 and $n i s  0.05. Thus t h e  YN ax i s  i nc l ines  
downward a s  shown i n  Figure 3-29. The angle l abe l l ed  B i s  about 3'. 
The choice of non-zero g l  or  g2 o r  both implies  t h a t  t h e  g r a v i t a t i o n a l  forces  
applied t o  t h e  sprung and unsprung masses a r e  not opposite i n  d i r e c t i o n  t o  t h e  
suspension forces  and t h e  normal forces  a t  t h e  t i r e - road  in te r face .  The appropri-  
a t e  adjustments, however, may be made i n  a s t raightforward manner. The i n i t i a l  
pos i t i on  of t h e  vehic le  w i l l  be chosen t o  be t he  trim pos i t i on  of t h e  vehicle  
whether or  not t h e  vehic le  i s  on a f l a t  surface.  Thus, j u s t  a s  i n  t h e  case of the  
f l a t  sur face ,  a l l  i n i t i a l  condit ions except t h e  i n i t i a l  speed a r e  zero. As a r e -  
s u l t ,  t h e  sprung and unsprung masses cannot be i n  equil ibr ium i n i t i a l l y  unless  g l  
and g2 a r e  zero. 
Fig!;re j-28. Tfie i : ic l inea roadway: gl = .Of, g2 = G. S 
F i g s r e  2-22. Tne lr1?;ineci rsadway: gl = 0 . 0 ,  g2 = O.C> 
I n  t h e  case  c f  non-zero g i  and g2, i n i t i a l l y  t h e r e  must be a  f o r c e  imbalance 
on both t h e  sprung and unsprung masses. On t h e  s p r m g  mass t h e  combinatior. of t h e  
suspension f o r c e s  and t h e  weight ma;; be w r i t t e n  
= ((C~?;."zn -t ;li[g]. x̂n t g2 $n t g3 Qn]  (3 -9L)  
where t h e  f i r s t  t e r n :  3n t h e  r i g h t  sicie i s  t h e  t o t a l  suspension f o r c e  and t h e  second 
i s  t h e  sprung weight. Kate t h a t ,  s i n c e  i n i t i a l l y  t h e  SF have no ne t  moment about 
t h e  sprung mass ce - te r ,  t h e r e  i s  no moment imbalance. 
Equation (z-94) ma:; be r e w r i t t e n  
T: L.* - (CSF + ',~)2r, + '>![el x̂n + g2 $n + ( g 3 - l ) i n ]  (3-95) 
The f i r s t  $err,  I n  Sqtiation ( 3 - 5 5 )  I s  c a l c u l a t e d  by t h e  a lgor i thm used f o r  a 
l e v e l  s u r f a c e  and t h e  second, ,<hlch i s  c c r ~ s t a n t ,  i s  an  a d d i t i o n a l  f o r c e  a p p l l e d  a t  
t h e  sprung mass c e c t e r .  
The same a n a l y s i s  xa;; be ;lor.e Ir. t h e  case  of t h e  unsprung masses. A t  each 
unsprung mass cerTer  t h e  f w c e  
-7 F = ;a . g[gl 2n + g2 $n + (g3- l )$n]  (3-96) 
where MS i s  t h e  a p p r o p r i a t e  mass, ar.3 g i s  t h e  g r a v i t a t i o n  constar i t ,  may be a p p l i e d ,  
w i t h  t h e  c a l c u i a t i m  s f  n3rmal fo rces  an:! s l i p  ang les  t a k i n g  p l a c e  i n  t h e  u s u a l  way. 
3.7 WILD LCADIS; 
The p s s s i b l e  mmes :f a p 7 l l c a t i o -  zf t h e  wind. i cad ing  a r e  many and var ied.  
While a n a l y t i c a l  .mrk nas b e e s  dace ( f o r  example, [12]) acd has o f f e r e d  i n s i g h t  
i n t o  t h e  problem, a p ~ r e l y  t h e 3 r e t i c e l  base ?c which one might draw i n  w d e r  t o  
w r i t e  equa t ions  s u i t a b l e  f o r  I s e  i n  veh ic le  s i m u l a t i m  i s  by ~ . o  means complete,  
thus  it i s  c l e a r  t h a t  empir ica l  da t a  w i l l ,  i n  many cases,  be necessary i n  t h e  simu- 
la t ion .  Therefore, t h e  approach taken here in  i s  t o  supply a subroutine i n  which 
t h e  user  may progran a s  simple or  e l abo ra t e  a model a s  seems j u s t i f i e d .  The bas ic  
equations of t h i s  subroutine and some sample r e s u l t s  a r e  given below. 
3.7.1 SUBROUTINE VIND. I f  t h e  forces  and moments due t o  wind loading a r e  t o  
be simulated, subroutine WIND i s  c a l l e d  from subroutine FCT a t  t h e  beginning of 
each in t eg ra t ion  time step. Subroutine W I N D  should r e t u r n  t o  subroutine FCT t h e  
components of t h e  wind forces and t h e i r  moments about t h e  sprung mass cen t e r s  i n  
t h e  $1, $1 and $1 d i r ec t ions ,  i. e. ,  i n  t h e  longi tudina l ,  l a t e r a l  and v e r t i c a l  d i r ec -  
t ions.  The forces and moments have been c a l l e d  WFORCE(3) and W M O M ( ~ ) ,  respect ively.  
Since t h e  common block of subroutine WIND contains v i r t u a l l y  a l l  t h e  var iab les  of 
i n t e r e s t ,  wind loading a s  a funct ion of vehic le  o r i en t a t i on ,  ve loc i ty  and time may 
be simulated. Note t h a t  drag forces  a s  we l l  a s  s i d e  loading may conveniently be 
modeled. 
3.7.2 AN EXAMPLE RUN. I n  a s imulat ion run  of t h e  empty s t r a i g h t  t ruck  i n i -  
t i a l l y  a t  30 mph it was des i red  t o  s imulate  a s i d e  wind loading a t  t h e  mass center  
r i s i n g  t o  500 pounds and decreasing t o  zero i n  t h e  course of one second. Below 
ENTRY WIhi i n  subroutine output t h e  following equations were entered. 
The r e s u l t i n g  t r a j e c t o r y  i s  shown i n  Figure 3-30. Note t h a t  t h e  simulated 
vehicle  response i s  a p o s i t i v e  yaw angle, an understeer  response. 
1.0 
T~ ( s e c )  
TIM ( s e c )  
T ~ M E  ( s e c )  
?ig~;re 5-32. : i e ~ ~ ~ l t s  sf -P,.;!.J loa~i.;g exarcpie rm;r, 
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?he e r , t i r e  pr2zra-. has beer. w r i t t e n  i n  F ~ r t r a r .  ;V. The core  s t3 rage  requ i re -  
mer.ts f s r  t h e  sri ; lcdlateci  veh ic le  azd t h e  s t r a i g h t  t r u c k  programs, and t h e  i r . t e g r ~ . -  
t i ~ n  r o u t i c e ,  >KG, 3r. bTS* a r e  a; I 'zllows: 
ArticuleT.c:i '.chicle 12; , .J-'G SYTES 
S t r a i g h t  >U:K 2 SYTES 
'nXG 1, 2 SYZS 
4.2 PROGXM ST~UCTL?E 
An 3verview 3f t h e  prsgrarr. i s  g iven i n  Figure  L - 1 .  With t h e  except ion 3r' 
HI)CG, :ihich 1 s  an I3Y system subraut i r ,e ,  t h e  flow aiaagrams f ~ r  each s e p a r a t e  suo- 
r n u t i n e  a r c  given Ir. Appendir 5. ?or an explanat i3r .  3f XPCG, t h e  use r  should con- 
s u l t  t h e  ilXG Lis t .  
Yost a l g e b r a  i s  i' i t s  most e ~ a r , d e d  forrr,, a?.& c3rnn;ent qards  a r e  used f r e -  
q u e n t l j  t 3  e x p l a i n  t e5 ious  c o ~ p u t a t i o r , ~ .  Thus, even a c a s u a l  T c r t r a n  user  should 
be a b l e  t o  fr,;-ri t h e  l o g i c  ;f a l l  t h e  separa te  smal l  a l g o r i t h s  t h a t  make up t h e  
whole. Therefare ,  -har,ges nay e a s l l y  be made; m3re v a r i a b l e s  may be ouput and 
c e r t a i n  a l g o r l t h s  r.aj be nod i f i ed .  
Cer ta i r ,  a s p e c t s  of t h e  program, however, shodla be handled with extrerr.e ca re  
a s  inadvised changes may r e s L i l t  i n  e r r c r s  which nay prove d i f f i c u l t  t o  d e t e c t  and 
debug. These a r e  l i s t e d  belaw: 
( a )  The i n t e g r a t i o n  t ime s t e p ,  PRkIT(3). This has been careful- ly  chosen 
basec on t h e  physics  of t h e  system. While t h e  i n c r e a s e  i n  PRMT(3) from 
i t s  s e t  value of .OO25 may save computer t ime,  it would e n t a i l  danger 
3f n ~ m e r i c a l  i n s t a b i l i t y  and thus  i n c o r r e c t  r e s u l t s .  
"MTS s tands  f a r  Xichigar. Terminal S;;stem wh;ch i s  Imp1err.ente-l on t h e  I9N 515~/67 
a t  The Universit;; a:' :.'ichigan. 
MA I N  
Do I n i t i a l i z a t i o n s  
CALL OUTPUT Perform I n t e g r a t i o n  
Read Time Increment 
Do I n i t i a l i z a t i o n s  
Return t o  Main 
1 
J 
C a l l  Olitput 
Wri te  Onto Output 
C a l l  Inpu t  
Read Inpu t  
Var iab les  - 
Buffer  
C a l l  HFCG 
I 
R e t ~ x n  t o  Main 
t 1 CALL KT 
C a l l  FCTl Ca lcu la te  S l i p  
C a l c u l a t e  S t a t i c  and Derivasives  -', 
Loads, Do I n i t i l i z a t i o n s  NO 
Return t o  HPCG 
Veloc i ty  < 0.0 - 
o r  
Time > TIMF 
Return t o  Main YES 
END 
Figure  4-1. S i r . p l i l l e 2  S;ow 9 iagra::, , 3r.arclng a 2  nar .3 l ing  perf  orrnance pr Dgram 
( b )  The s l i p  loop ( d o  loop  7 i n  subrou t ine  FCT1). The wheel r o t a t i m a 1  equa- 
t i o n s  of  motion a r e  solved t o  produce wheel v e l o c i t i e s  and a c c e l e r a t i o n s  
and brake fo rces .  Any changes should be made only a f t e r  c a r e f u l  r e f e r -  
ence t o  Sec t ion  2 .4 .1  of Reference 1. 
( c )  The i n i t i a l i z a t i o n s  i n  t h e  beginning of subrou t ine  OUTPUT and FCT1. A 
f a l s e  s t e p  i n  t h i s  s e c t i o n  may r e s u l t  i n  seemingly c o r r e c t  r e s u l t s  which, 
i n  f a c t ,  a r e  s e r i o u s l y  i n  e r r o r .  
4.3 SIMKLATION COSTS 
The c o s t  of t h e  computations w i l l ,  of course ,  depend on t h e  op t ions  u t i l i z e d  
i n  a  p a r t i c u l a r  run. I f  t h e  most time-consuming 3 p t i o r ) ~  of t h e  a r t i c u l a t e d  veh ic le  
a r e  u t i l i z e d ,  t h e  run  c o s t s  a r e  l e s s  than  seven do l l aaS  p e r  s imulated second Dn 
NTs. The s t r a i g h t  t r u c k  runs  f o r  about f o u r  and one :half d o l l a r s  p e r  s imulated 
second. 
5 . 1  ;T~T3OI)LnTI?iJ 
The pars-..sters r,ecess.iry f 3 r  ?.escribing t h e  veh ic l e s  ,dhose braking an,! hap.- 
C l ing  pc.rfsrmance i s  t o  be sirr , i i ls trd c.in be s e p a r s t t d  i n t ~  s i x  dil 'ft2rcnt c a t , , -  
~r?r ips:  
1 .  \ ! t l \ : i $ q l i >  ! : t!L>~-~t>try 
7. : : I I S P ~ ) ~ ~ P  i 3t: nnti st-cr7r iug  5::s tcm cka rac t , c r i s  t i c s  
3.  I n e r t i a l  a r s ~ e r t i e s  3f v c h j c l e  and oayload 
1 T i r e  ~ r o ~ e r t  i e s  and t i r e - r s a d  i n t e r f a c e  c h a r a c t e r i s  t i c s  
7. 3rake end brake sys:em c h a r a c t e r i s t i c s  
6. 3311 r e s i s t a n c e  c h a r a c t e r i s t i c s  3f t h e  f i f t h  wheel f 3 r  a r t i c u l a t e d  
v e h i c l e s .  
Txtens ive  pararceter rneasl;rer;.er,ts :.ere made f 3 r  t . d ~  veh ic l e s  t e s t e d  i n  t h i s  
p r q r a m . '  :!!here it was f e a s i b l e ,  oarsmeters  were c a l c u l a t e d  3r e s t i R a t e d  frsm 
des ign  dral,~ings and s p e c i f i c a t i 3 n s .  
Tes t  p r scedures  used t7 determine those  p a r a n e t e r s  which a r e  necessary  f o r  
s i m u l a t i s r .  i n  t h e  p i t c h  p lane  ,(:ere desc r ibed  i n  t h e  Reference 1. These include 
suspensior.  s p r i n g  r a t e s ,  v e r t i c a l  and 1 3 n g i t u d i n a l  c e n t e r  3f gravi t ,y  p o s i t i s n ,  
p i t c h  msment of i n e r t i a  s f  :he sprung mass, t h e  r o l l i n g  mment of i n e r t i a  3f t h e  
unsprung mass, ar.6 brake sys tem c ! l a r a c t e r i s t i c s .  These d e s c r i p t i o n s  w i l l  no5 be 
r epea ted  h e r e .  
Measured p r o p e r t i e s  f o r  a  wide v a r i e t y  of t r u c k  t i r e s  a r e  g iven  i n  Appendix 
G .  The methods used t o  model t h e s e  t i r e s  a r e  g iven i n  s3me d e t a i l  i n  S e c t i o n s  
3 . 2 . 2  and 6.3. 
The fo l lowing  parsgraphs  d e s c r i b e  t h e  t e s t  procedures used t o  determine t h e  
remaining v e h i c l e  parameters r equ i red  as inpu t  d a t a  f o r  t h e  s i m u l a t i o n .  
5.2 INERTIAL FA?,P>vT?XS 
I n  a d d i t i o n  t o  t h e  i n e r t i a l  p r o p e r t i e s  which were d i scussed  i n  t h e  l ieference 
1, t h e  b rak ing  an6 hand l ing  s imula t ions  r e q u i r e  2s inpu t  da ta :  
1. Yaw rnorr.ent of iner ' ia  3f t h e  sprung mass 
2. R o l l  moment of i n e r t i a  s f  t h e  sprung mass 
3.  Yaw moment of i n e r s i a  s f  t h e  unsprung masses 
4. R 3 1 1  moment of i n e r t i a  of t h e  unsprung masses 
I n e r t i a l  p r o p e r t i e s  3f t h e  unsprung masses were measured d i r e c t l y  ( s e e  Sec- 
t i o n  5 . 2 . 3 ) .  Then t h e  i n e r t i a l  p r a p e r t i e s  of t h e  sprung masses of t h e  tw:)  p3w- 
e r e d  veh ic l e s  were determined by (1) measuring t h e  i n e r t i a l  p r o p e r t i e s  f o r  t h e  
t o t a l  veh ic l e  ( f o r  t h e  t r u c k ,  t h e  bare-frame veh ic l e  was measured),  and (2) c a l -  
c u l a t i n g  t h e  p r o o e r t i e s  3f t h e  sprung masses from t h e  known i n e r t i a l  p r 3 p e r t i e s  
3f t h e  unsprung masses and t h e  t o t a l  vehic le .** Tne a d d i t i o n a l  e f f e c t  of ;he 
t r u c k  body was determined by c a l c u l a t i o n .  S e c t i o n s  5 .2 .1  through 5.2.3 d e s c r i b e  
t h e  t e s t  pmcedures  used t 3  measure t g t a l  veh ic l e  and unsprung mass p r o p e r t i e s .  
The mornents 3f i n e r t i ~  3f t h e  t r a i l e r  were 3bta ined by computing t h e  noments 
of i n e r t i a  of each impor tant  comoment p a r t  about  i t s  gwn mass c e n t e r ,  and then  
us ing  t h e  p a r e l l e l  a x i s  thewe t r  t o  f i n d  t h e  i n e r t i a s  about t h e  sprung mass c e n t e r  
 he two v e h i c l e s  t e s t e d  were:  a  56,300 l b  gvw aiarnond Reo s t r a i g n t  t r w k  and a  
t r a c t o r - t r a i l e r  consisting of a  6 x 4 COX White t r a c t o r  ana a  40 f t  Fruehauf van 
t r a i l e r .  Vehicle s p e c i f i c a t i o n s  a r e  g iven  i n  Sec t ion  6. 
**The a p p r o p r i a t e  c a l c u l a t i o n s  a r e  i n d i c a t e d  i n  [ l ] .  
5 . 2 . 1  TOTAL VEHICLE YAW E1ObENT OF INmTIP. * Figures  5-1 and 5-2 i l l u s t r a t e  
t h e  technique used t o  determine t h e  yaw ~.oment of i n e r t i a  3f t h e  bare-frame t r u c k  
and t h e  t r a c t o r .  With t h e  suspensions  c ~ n s t r a i n e d  t o  t h e i r  s t a t i c  p o s i t i o n s  by 
c a b l e s ,  t h e  veh ic le  i s  p r i m a r i l y  supported a t  a  p i v o t  p o i n t ,  c o n s i s t i n g  of a  3/4- 
inch b a l l  bea r ing  i n  p a r t i a l  s p h e r i c a l  s e a t s .  This  p i v o t  p o i n t  i s  loca ted  s l i g h t -  
l y  a f t  of t h e  vek ic le  c . g . ,  l e a v i n g  only a  smal l  p o r t i o n  of t h e  veh ic le  weight 
( a  few hundred pounds) t 3  be supported by t h e  f r o n t  wheels.  Under each of t h e  
f r o n t  wheels a r e  placed t v o  s t e e l  p l a t e s  s e p a r a t e d  by a  number of b a l l  bea r ings .  
Thus, t h e  f r o n t  wheels a r e  f r e e  t o  move about  on a  h o r i z o n t a l  p lane.  A grounded 
c o i l  s p r i n g  i s  a t t a c h e d  a t  r i g h t  ang les  t o  t h e  veh ic le  a t  some d i s t a n c e ,  l s ,  from 
t h e  p i v 3 t  p o i n t .  With t h i s  arrangement,  a  smal l  o s c i l l a t i s n  i n  yaw may be i n t r o -  
duced and t h e  pe r iod  of o s c i l l a t i o n ,  T ,  determined. Using t h e  n o t a t i o n  of F ig -  
u re  5-1 t h e  yaw moment of i n e r t i a  of t h e  veh ic le ,  I,,, may be determined us ing  
r q u a t i o n  ( 7-11. 
Under c e r t a i n  c o n d i t i o n s ,  unwanted o s c i l l a t i o n s  t e ~ d  t o  appear  dur ing  yaw 
i n e r t i a  t e s t i n g .  A tendency f o r  t h e  veh ic le  t o  o s c i l l a t e  s l i g h t l y  i n  r o l l  was 
noted.  4s it i s  supported dur ing  t e s t i n g ,  t h e  v e h i c l e  may r o l l  about  an a x i s  
pass ing  through t h e  b a l l  bea r ing  a t  t h e  p i v o t  p o i n t  and t h e  f r o n t  t i r e  c o n t a c t  
p o i n t .  (The f r o n t  suspens ion  is  e f f e c t i v e l y  r i g i d  due t o  t h e  c o n s t r a i n i n g  c a b l e s ,  
and t h e r e f o r e  r o l l  can occur  on ly  through t i r e  d e f l e c t i o n . )  This a x i s  i s  shown 
by t h e  dashed l i n e  i n  F igure  5-2. To minimize t h e  e x c i t a t i o n  of r o l l  o s c i l l a t i o n s ,  
t h e  c o i l  s p r i n g  was anchored t o  t h e  v e h i c l e  a s  c l o s e  t o  t h i s  r o l l  a x i s  a s  poss i -  
b l e .  Furthermore,  t h e  s p r i n g  c o n s t a n t ,  K ,  and t h e  l e n g t h ,  I s ,  were chosen such 
t h a t  t h e  n a t u r a l  yaw frequency of t h e  system was c o n s i d e r a b l y  d i f f e r e n t  from the  
r o l l  f requency,  t h u s  reduc ing  t h e  tendency f o r  yaw o s c i l l a t i o n s  t o  e x c i t e  r o l l  
o s c i l l a t i o n s .  
An a d d i t i o n a l  mode of o s c i l l a t i o n  was observed dur ing  yaw i n e r t i a  t e s t s .  
The c o n s t r u c t i o n  of commercial v e h i c l e s  t y p i c a l l y  r e s u l t s  i n  cons ide rab le  t o r -  
s i o n a l  compliance of t h e  frame. Consequently,  t h e  v e h i c l e s  showed a tendency t o  
o s c i l l a t e  i n  a  t w i s t i n g  manner a long  t h e  l e n g t h  of t h e i r  frames. This problem 
was e f f e c t i v e l y  reduced by l o c a t i n g  t h e  s p r i n g  n e a r  t h e  h o r i z o n t a l  c e n t e r l i n e  of 
the  frame r a i l s ,  thus  reduc ing  t h e  moment r e s u l t i n g  from t h e  s p r i n g  f o r c e  which 
was passed i n t o  t h e  f rame,  
5.2.2 ROLL MOKENT OF INERTIA. The pendulum swing shown i n  F igure  5-3 was 
used t o  determine t h e  r o l l  i n e r t i a  of t h e  t e s t  v e h i c l e s  i n  t h e i r  bare-frame con- 
d i t i o n .  The swing i s  of welded, t u b u l a r  frame c o n s t r u c t i o n  and weighs approx- 
imate ly  1800 pounds, This type  of c o n s t r u c t i o n  a l lows t h e  swing t o  be s t r o n g  
enough t o  a c c e p t  v e h i c l e s  of up t o  25,000 pounds t e s t  weight but  remain l i g h t  
enough f o r  use w i t h  much s m a l l e r  v e h i c l e s .  
Two- o r  t h r e e - a x l e  v e h i c l e s  may be t e s t e d .  The c r o s s  members on which t h e  
wheels of t h e  v e h i c l e  r e s t  a r e  a d j u s t a b l e  a long  t h e  l e n g t h  of t h e  lower r a i l  of 
t h e  s i d e  members, t h u s  accomodating v e h i c l e s  of v a r i o u s  wheel bases .  
During t e s t i n g ,  t h e  e n t i r e  assemble r e s t s  on k n i f e  edges p laced  below t h e  
c e n t e r  of t h e  "arch"  members and a t o p  t h e  suppor t ing  p e d e s t a l s .  These a r c h  
*L m3re d e t a i l e d  d i s c u s s i o n  of t h i s  t e s t  nethod and t h e  a s s o c i a t e d  t e s t i n g  equip-  
rrecc i s  given i n  Reference [lj]. 
Pivo t  
P o i n t  
Figure 3-1. Plan view, yaw i n e r t i a  t e s t  
Figure 5-2.  Si3e view, yaw i n e r t l a  t e s t  
members may be a d j u s t e d  t o  v a r i o u s  h e i g h t s  depending on t h e  v e r t i c a l  c.g. p o s i t i o n  
of t h e  t e s t  veh ic le .  
As seen  i n  F i g u r e  5-3,  i n  t h e  r o l l  i n e r t i a  t e s t  mode t h e  a r c h  members a r e  l o -  
c a t e d  a t  e i t h e r  end of t h e  swing w i t h  t h e  k n i f e  edges g laced  l o n g i t u d i n a l l y .  The 
swing may a l s o  be used t o  rneasure p i t c h  motrent of i n e r t i a ,  i n  which c a s e  t h e  a r c h  
members a r e  l o c a t e d  a long  the  s i d e  of t h e  swing and t h e  k n i f e  edges a r e  placed 
l a t e r a l l y .  
I n  e i t h e r  case ,  a  smal l  o s c i l l a t i o n  i s  in t roduced  and t h e  p e r i o d  of t h e  os- 
c i l l a t i o n ,  T, i s  d e t e m i n e d .  Using t h e  n o t a t i m  of F igure  5-4, t h e  a p p r o p r i a t e  
moment of i n e r t i a  i s  c a l c u l a t e d  from t h e  f a l l o - t ~ i g g  e q u a t i o n  
where t h e  s u b s c r i p t  i may s i g n i f y  x ( r o l l  moment of i n e r t i a )  o r  y  ' p i t c t  moment 
of i n e r t i a ) ,  and T~ i s  t h e  pe r iod  of o s c i l l a t i o n  of t h e  swing along. 
5.2.3 FOKENT 3F INERTIA OF TKL WSPIIUNS MASSES. R o l l  moment of i n e r t i a  was 
measured f o r  t h e  f r o n t  a x l e  and t r a i l i n g  tandem a x l e  assembl ies  of each of t h e  
powered v e h i c l e s .  It was assumed t h a t  t h e  yaw moment of i n e r t i a  of an a x l e  a s -  
sembly was e q u a l  t o  r o l l  moment of i n e r t i a  of t h a t  a ssenb ly .  It was a l s o  assumed 
t h a t  t h e  moments of  i n e r t i a  of t h e  l e a d i n g  tandem a x l e  a s s e n b l i e s  were equa l  t o  
t h o s e  of t h e  t r a i l i n g  tandem a x l e  assemblies .  
The t e s t  t echn ique  used i s  i l l u s t r a t e d  i n  F i g u r e  5 - 5 .  As shown i n  t h i s  f i g -  
ure  t h e  a x l e  assembly was suspended or. a  t h r e e - c a b l e ,  t o r s i o n a l  pendulum. A s m a l l  
r o t a t i o n a l  o s c i l l a t i o n  was in t roduced  and t h e  p e r i o d  determined. 
P i v o t  
Axis 
C .  G. of 
Swing 
Figlire 3-4. Schematic diagram: i n e r t i a  t e s t  device  
T o r s i o n a l  
Pendulum 
Pendulum Suspended by 
Means o f  L i f t  Truck 
F igure  >-5.  Appara tc .~  f o r  measuring moments o f  i n e r t i a  of  1;nsprung masses 
The equat ion f o r  ca l cu l a t i ng  the  r o l l  moment of i n e r t i a ,  I, about the  c.g. 
of the  assemblies i s  
where 
'J = t e s t  weight 3f t he  assembl:/ 
Xb = weight 2f the  support ing ~ l a t f o r m  
1 = length 3f the support ing cables  
r = hor izonta l  d i s tance  from center  3f platform t o  support ing cables  
T = period 3f o s c i l l a t i o n  of platform plus assembly 
7 = period of o s c i l l a t i o n  of platform only. 
0 
5.3 SUs PENSION AID STEERING SYSTEM PROPERTIES 
Measurement techniques used t o  determine the  spr ing  r a t e s  and coulomb f r i c -  
t i o n  of the various suspension systems were described i n  [ I ] .  I n  addi t ion  t o  
these spr ing  r a t e s ,  various parameters of the  suspension and s t e e r i n g  systems 
which a f f e c t  the s t e e r  angles of the wheels may be input  t o  the braking and han- 
d l ing  s imulat ion.* These include: 
( 1 )  Axle r o l l  s t e e r  coe f f i c i en t  of each ax le  
( 2 )  Def lec t ion  s t e e r  coe f f i c i en t  of the  f r o n t  suspens i on l s t ee r ing  system 
3 Torsional  compliance s t e e r  c o e f f i c i e n t  of the  s t e e r i n g  system. 
The following paragraphs describe the techniques which were used i n  t h i s  
study t o  determine these c o e f f i c i e n t s .  
5.3.1 AXL? ROLL STEER COEFFICIENT. bflany common suspensions exh ib i t  r o l l  
s t e e r  proper t ies .  This phenomenon occurs because the ax le  l oca t ing  mechanism 
nay cause the  ax le  t o  move along some curved path, r a the r  than v e r t i c a l l y ,  i n  the 
course of suspension bounce and rebound. As the  vehicle  r o l l s ,  t h i s  ac t i on  w i l l  
impart some s t e e r  angle t o  the ax le  ( s e e  Figure 5-6.) 
Due t o  the  beam axle cons t ruc t i3n  of both the  s t e e r i n g  and the  non s t ee r ing  
suspensions, t h i s  phenomenon i s  ba s i ca l ly  the  same, although the ax le  l oca t i cg  
mechanisms are  qui te  d i f f e r e n t ,  f o r  the three  suspension system types considered 
i n  t h i s  study ( s ing l e  axle f r o n t  suspensions, and four-spring and walking-beam 
tandem suspensions) .  Consequently, the t e s t  methods f o r  each of the suspension 
systems were q u i t e  s imi l a r  i n  concept. 
As shown cor.ceptually i n  Figure 5-7, the t e s t  method cons i s t s  of de f l ec t i ng  
the  suspension of i n t e r e s t  i n  bounce and rebound and measuring the path of mo- 
t i o n  of the ax le  with respec t  t o  the vehic le  frame by recording the  values of 
x I ,  zP, xr,  and z,. (F igure  5-7 i l l u s t r a t e s  a s ing l e  axle suspension i n  which 
the leaf  spr ing  i s  the ax le  l oca t ing  member. Other suspension types with d i f -  
fe ren t  l oca t ing  mechanisms a re  t r ea t ed  s imi l a r ly . )  In  pure bounce and rebound, 
the  path of motion of the  axle ends w i l l  be i d e n t i c a l  t o  the  paths of the axle 
a t  the l a t e r a l  pos i t i on  of the  l oca t ing  members. That i s ,  i n  Figure 5-7 paths 
a ,  b, c ,  and d a r e  i d e n t i c a l  i n  the  x - z  plane. 
*Section 3.4 describes the  s t e e r i n g  system models i n  which these parameters a r e  
employed. 
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The fol lowing assumptions a r e  reasonable and lead t o  a  usefu l  method of com- 
puta t ion  of r o l l  s t e e r .  In  the  nota t ion  of Figure 5-7: 
( 1 )  Points  B and C w i l l  l i e  on b  and c ,  respec t ive ly ,  f o r  a l l  ax le  motions. 
( 2 )  I n  the  x-z plane, e i t h e r  of paths a ,  b, c ,  o r  d  can be respresented a s  
where RSC i s  some constant .  
( 3 )  The body r o l l  angle 8, t h e  ax l e  r o l l  angle, @A, and the  ax le  r o l l - s t e e r  
angle,  8A, a r e  small.  
Using these assumptians, it can be shown t h a t  
The quan t i t y  RSC is then,  by d e f i n i t i o n ,  t he  ax le  r o l l - s t e e r  c o e f f i c i e n t  and can 
be deduced d i r e c t l y  from the  t e s t  da t a  through the  use of Equation 5-4 r ewr i t t en  
i n  the following form* 
X 
RSC = y ( 5-6) 
I n  p rac t i ce ,  the t e s t s  f o r  t he  ax le  r o l l - s t e e r  coe f f i c i en t s  were conducted 
concurrent ly with those f o r  suspension spr ing  r a t e s  and coulomb f r i c t i o n .  The 
technique used t o  apply load t o  t he  suspensions, thus inducing suspension def lec-  
t i ons ,  i s  described i n  Reference 1. Measurement of t h e  v e r t i c a l  and longi tudina l  
components of the ax le  motion was accomplished with the  a id  of t he  apparatus 
shown i n  Figure 5-8. A po in ter ,  ind ica t ing  t h e  ax le  cen t e r l i ne  and extending out 
beyond the  body of t h e  vehicle ,  was at tached t o  each wheel hub of t he  t e s t  sus-  
pension. A V-shaped reference frame was r i g i d l y  at tached t o  the  vehicle  body. 
As the suspension was def lec ted  incrementally, v e r t i c a l  and longi tudina l  motions 
3f the  poin ter  r e l a t i v e  t o  the  frame were measured using ad jus t ab l e  p a r a l l e l s  and 
ca l ipe r .  
When t e s t i n g  f r o n t  suspensions, i n  order  t o  insure t h a t  motion of the  point-  
e r s  was t he  same as the  motion of the  ax le ,  the  s t e e r i n g  system drag l i n k  was 
disconnected from the  l e f t  s t e e r i n g  knuckle and t h e  wheels were f ixed  i n  pos i t i on  
a t  a nominally zero s t e e r  angle. 
For each suspension t e s t ed ,  po in ter  motion was recorded a t  each wheel. The 
average de f l ec t i on  c h a r a c t e r i s t i c s  of each of f i v e  suspensions t e s t ed  a r e  i l l u s -  
t r a t e d  i n  Figures 5-9 through 5-13. Linearizing the da t a  and applying it t o  
Equation 5-6 y ie ld s  the r o l l - s t e e r  c o e f f i c i e n t s  given i n  Table 5-1. 
TABLE 5-1 
Roll-Steer  Coeff ic ien ts  
S t r a i g h t  Truck Tractor  T ra i l e r  
Front  Rear Front  Rear 
*The proper s ign  of t he  ax le  r o l l - s t e e r  c o e f f i c i e n t  i s  a r r i ved  a t  by observing 
the s ign  conversions o f x  and z i n  Figure 5-7. Axle mot im as  shown i n  the f i g -  
ure, i . e . ,  the ax le  moves rearward wi th  bounce, r e s u l t s  i n  a  pos i t i ve  value of 
RSC. A pos i t i ve  c o e f f i c i e n t  ind ica tes  nominal r o l l  understeer  f ~ r  a  f r o n t  ax le  
or overs teer  fo r  a  r e a r  ax le .  
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The t e s t  v-ethod ~ s e d  ;3 3 b t s i n  C6 u t i l i z e s  t h e  2 3 i n t e r  and r e f e r e n c e  fram? 
a p p a r a t u s  d l s c u s s e 5  i n  P e c t i x  f . 5 1  ( s e e  F i g u r e  7-?), a t  eech f r 3 n t  x h e e l  x i t h  
t h e  a d d i t i o n  of a x t h e r  r e f e r ~ x e  f r a n e  spaced f u r t k e r  gut  3 r  t h e  p ~ i n t e r ,  a s  
i l l u s t r a t e d  ic Yigure 7-11. 
P r i o r  t o  t h e  t e s t ,  t k e  ~ e h i c l e  s t e e r i n g  >:heel i s  l x k e d  i n t o  p o s i t i 2 n  c o r -  
r e spond ing  t o  t h e  a t t e n p t e d  l e f t  7::heel. s t e e r  a n g l e  ::klch i s  d e s i r e d .  Tke f r o n t  
a x l e  i s  t h e n  inc renen te l l : :  def lec-2  <~n  bgunce and rebound d u r i n g  whick t h e  ve r -  
t i c a l  d i sp lacement s  3f eech ? 2 i r s e r ,  e t  l a t e r a l  p ~ s i t i 2 n s  co r respogd ing  t o  t h e  
p o s i t i o n  of t t e  t w 3  r e f e r e n c e  frar .e ( s e e  F i g u r e  5-15) a r e  r ecorded .  
VERTICAL DEFLECTION (inches) VERTICAL DEFLECTION ( inches) 
Figure  5-3. Figure  5-10. 
Average d e f l e c t i o n  c n a r a c t e r i s t i c s ,  Average d e f l e c t i o n  c n a r a c t e r i s t i c s ,  
t r u c k  f r o n t  suspension t r u c k  walking beam suspension 
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i r e  5-11, Average d e f l e c t i o n  c n a r a c t e r i s t i c s ,  
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r e  2 Average cef1ect:on c n a r a c t e r i s t i c s ,  
t r a c t ~ r  four spr lcg  s ~ s p e n s i o n  
VERTICAL DEFLECTION ( inches)  
F i e  - 1 .  Averase de f l ec t i cn  2 . a r a c t e r L s ~ i c s ,  
t r a i l e r  four  spr lng s l~specsion 
Figure 5-14. Deflect ion s t e e r  measurement device 
, Reference Frames 
Figure 5-15, Measurement scheme f o r  de f l ec t i on  s t e e r  c o e f f i c i e n t  t e s t s  
i1si::g t h e  nstaticlr. of ' igure 5 - l i ,  t h e  s t e e r  ar.g?c of t h e  l e f t  wheel i s  
X - X  
-1 2 1 
8 1  = s i n  a  
The d i f f e r e n t i a l  s t e e r  ang le  i s  t hen  
where 61A i s  t h e  a t tempted l e f t  s t e e r  ang le .  S i m i l a r  equa t ions  h 3 l d  f o r  t h e  r i g h t  
wheel.  
The r e s u l t s  of t h e  t e s t  and t h e  c a l c u l a t i o n s  i n d i c a t e d  by Equations (5 -7)  and 
( 5-8) a r e  p resen ted  i n  a  p l o t  of averaged l e f t  and r i g h t  s i d e  d i f f e r e n t i a l  s t e e r  
angle  V S .  v e r t i c a l  d e f l e c t i o n  of t h e  wheel p o i n t e r .  T'ne s l o p e  of t h i s  p l o t  a t  t h e  
o r i g i n  i s  C,. The s i g n  convent ion of CR i s  determined by the  body a x i s  s y s t e r ,  a s -  
sumed t h r o u g t m t  t h i s  s tudy .  S ince  s t e e r  ang les  t o  t h e  r i g h t  a r e  p o s i t i v e  end ver-  
t i c a l  motion i s  p g s i t i v e  downward, r g  i s  p o s i t i v e  f o r  a  s t e e r i n g  system vhich pro- 
duces d i f f e r e n t i a l  s t e e r  ang les  t o  t h e  r i g h t  due t o  a x l e  rebound. 
P l o t s  of average d i f f e r e n t i e l  s t e e r  ang le  vs ,  v e r t i c a l  d e f l e c t i o n  a t  an  a t -  
tempted ze ro  s t e e r  ang le  a r e  p resec ted  f o r  t h e  two powered t e s t  veh ic l e s  i n  Fig-  
ures  5-16 and 5-17. 
5.3.3 GTFERITJT; SYSTEM COMPLI.@JdCE PPRAbETBRS . The s t e e r  ir.g sys  t e n  c m p l i a n c e  
o p t i o n  o u t l i n e d  i n  S e c t i o n  4.4.6 r e q u i r e s  inpu t  of two s t e e r i n g  system compliance 
parameters SKI and FK2. The t e s t  method used t o  o b t a i n  t h e s e  parameters i s  i l l -us-  
t r a t e d  i n  F i g u r e  5-lr . 
Durir.g t h i s  t e s t  t h e  veh ic l e  i s  suppor ted  such t h a t  t h e  f r o n t  wheels a r e  not 
i n  c o n t a c t  wi th  t h e  ground, however, t h e  f r o n t  suspension i s  he ld  i n  i t s  s t a t i c  
loaded p o s i t i o n  by t h e  load  a p p l i c a t i o n  equipr.ent used i n  t h e  f r o n t  suspension 
s p r i n g  r a t e  t e s t s .  ( D e t a i l s  of t h i s  t e s t  a r e  g iven  i n  Reference 1.1 The s t e e r i n g  
wheel of t h e  v e h i c l e  was locked i n  t h e  s t r a i g h t  ahead p o s i t i o n .  The s t e e r  angle  
measurement equipment, i n c l u d i n g  wheel p o i n t e r s  and r e f e r e n c e  frames desc r ibed  i n  
S e c t i o n  5 .3 .2 ,  a r e  used t o  measure d i f f e r e n t i a l  s t e e r  a n g l e s ,  A61 and b62. 
As shown i n  Figure  5-18, a moment of magnitude a F i s  app l i ed  t c  t n e  r i g h t  
f r o n t  wheel by t i g h t e n i n g  t h e  t5urnbuckle of t h e  c a b l e - p u l l e y  ar rangemert  [ I ? ] .  
T e n s i l e  f o r c e  i n  t h e  c a b l e ,  F ,  i s  measured through t h e  cse  of a  load c e l l .  
R e f e r r i n g  t o  t h e  s t e e r i n g  system compliance model of S e c t i o n  3.4.7, t h e  t o r -  
s i o n a l  s p r i n g  c o n s t a n t s ,  SKI, SS2, can be obta ined from t h e  r e s u l t s  of t h i s  t e s t  
through t h e  use of t h e  fo l lowing  equa t ions :  
P l o t s  of mment i a . ~ )  vs .  '81 and c 62 - 561 f o r  t h e  two powered t e s t  veh ic l e s  
appea r  i n  F i g u r e s  7-19 and 5-2C. The d a t a  c l e a r l y  i n d i c a t e  t h a t  h y s t e r e s i s  arid 
l a s h ,  a s  w e l l  a s  compliance,  e x i s t s  I n  t h e  s t e e r i n g  system. The s i m u l a t i o n  model 
c o n s i d e r s  only  t h e  e f f e c t  of compliance,  however. The va lues  of SKI and SK2 a r e  
de r ived  from t h e  s l o p e  of those  p o r t i o n s  of t h e  curves  i n  which t h e  a b s o l u t e  vaiue  
of moment i s  r i s i r , g ,  s i n c e  t h i s  w i l l  g e n e r a l l y  be t h e  c o n d i t i o n  dur ing  s imula ted  
maneuvers. The v a l u e s  de r ived  i n  t h i s  manner appear  i n  Table 5-2. 
-0.7 -- 
NOTE: Attempted s t e e r  
THE LEFT KINGPIN ( inches)  
angle = 0' 
F i g u r e  3-16. D e f l e c t i o n  s t e e r  d a t a  f o r  t h e  t r u c k  




NOTE: Attempted s t e e r  angle = O0 
2 -1.4 -- 
VERTICAL DISPLACEMENT OF 
THE W T  K I N G P I N  ( inches)  
5-17, D e f l e c t i o n  s t e e r  d a t a  f o r  t a e  t r a c t o r  
Figure  3-15. Scnematic diagrar.  of s t e e r i n g  system compliance measurement 
TABLE 5-2 
S t e e r i n g  System Compliance Parameters ( in . - lb /deg)  
S t r a i g h t  Truck Trac t  o r  
SK1 SK2 SK1 SK2 
5.4 FIFTH WHEEL ROLL SPRnG COTBTANT 
The s t a t i c  model, on which t h e  t e s t  method f o r  determining t h e  t o r s i o n a l  r o l l  
s p r i n g  c o n s t a n t  of t h e  f i f t h  wheel connect ion p o i n t  i s  based, is  shown i n  F i g ~ r e  
5-21. As shown i n  t h i s  f i g u r e ,  dur ing  the  t e s t ,  a  r o l l  moment, T ,  i s  app l i ed  t o  
t h e  t r a i l e r .  This rr.oment i s  balanced by t h e  t h r e e  coup les ,  e.T, b.T, and c - T  where: 
The s p r i n g  r a t e s  K@F, K@R, and K@T a r e  f u n c t i o n s  of t h e  suspension geometry, 
suspension s p r i n g  r a t e s ,  and t i r e  v e r t i c a l  s p r i n g  r a t e s .  R e f e r r i n g  t o  t h e  n o t a t i o n  
of F igure  5-22, illustrating a f r o n t  suspension system, K@F f o r  s n a l l  suspension 
d e f l e c t i o n s  r a y  be expressed:  
KOF = 
l +  1
~ 1 '  Y F R ~ ) ~  KT~( T X A ~ ) ~  
F i g u r e  5-19. S t e e r i n g  system compliance p r o p e r t i e s  of t n e  t r u c k  
- 1600 1 
Figure  3-23, S t e e r i n g  system compliance p r o p e r t i e s  o f  t n e  t r a c t o r  
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Figure 3-21. Scnematic diagram: f i f t n  wzeel roll sprlrig test 
The r o l l  sp r ing  r a t e  of t he  r e a r  suspension, KQR,  and the t r a i l e r  suspension, 
K@T, nay be ca lcu la ted  from a s i m i l a r  expression.  If e i t h e r  suspension i s  tandem, 
the r o l l  spr ing  r a t e  i s  the sum of t he  r o l l  spr ing  r a t e s  of the  two axles .  
With an equiva len t  t o r s i o n a l  s p r i n g  r a t e  KQTR defined a s :  
K@TR = KQR + K@F ( 5-13) 
the model of Figure 5-21 may be s impl i f ied  t o  t h a t  of Figure 5-23 i n  which KQTR 
represents  t he  r o l l  r e s i s t ance  of t he  e n t i r e  t r a c t o r  a s  seen from the  f i f t h  wheel. 
The following two equat ions may be derived using the  model of Figure 5-21. 
C T  = QT . KQT ! 5-14) 
( a + b ) ~  = @T 
1 
- 1 t- 
K5 KQTR 
From Equations ( 5 - l l ) ,  (5-14) ,  and (5-15) ,  t h e  fol lowing expression may be 
derived f o r  t he  f i f t h  wheel r o l l  spr ing  r a t e :  
K5 = 
K @T 
c KQT - - -  
1-c KQTR 
The r o l l  sp r ing  constant  of t he  f i f t h  wheel may be ca lcu la ted  from Equation 
(5-16) where t he  quan t i t y  c  is obtained from t e s t  da t a .  
F i g ~ r e  5-23. Simplif ied schematic aiagram: fiftn wheel r o d  spr ing  t e s t  
Flgure  5-2L i i i u s t r a t e s  the t e s t i n g  procedcre usec! t o  determire  the v3:ue of 
c .  As sk,ow~. ir. She f i g u r e ,  a  iong beam was r i g i i l y  a t t ached  t o  the  t r a i l e r  such 
t h a t ,  by applyicg a  v e r t i c a l  f o r c e ,  7, t o  the er.d 3f the  beam, a  r o l l  nomect, 
was app l ied  t o  t h e  % r a i l e r .  The i n t r o d u c t i o n  of T and F causes  changes i n  t h e  t:re 
normal f o r c e s .  These d i f f e r e r - t i a l  f o r c e s  a r e  designated CF1 through 9 1 0  1r Fig-  
ure 5-24. During t h e  t e s t ,  F was measured through t h e  use of a  load c e l l ,  snd L F 7  
through c F ~ ?  I,:ere measured using load s c a l e s .  bF1 through r ~ 6  were n3t  measured. 
The q u a n t i t y  c  i s  t h e  p ropor t ion  of the  appl ied r o l l  moment absorbed by the  
t r a i l e r  suspension.  Thus, 
A number of t e s t s  were rqm on t h e  empty t r a c t o r - t r z i l e r .  i n  these  t e s t s ,  F 
was va r ied  incremental ly  such t h a t  T va r ied  from a ?ir,imum of zero t o  a  maxi.mum of 
116,000 i n . - l b ,  and back t o  zero.  This cycle  was repeated f o u r  t imes.  Two cycles  
were conducted with  the  torque appl ied 18 f t .  a f t  of the king p in ,  or  approxi.mately 
e q u i d i s t a n t  between the  king p i n  and the  r e a r  suspension c e n t e r l i n e ,  while two 
o t h e r s  were conducted with  the  beam l o c a t e d  f i v e  inches a f t  of t h e  king p in .  'The 
t e s t  y ie lded  r e s u l t s  a s  ind ica ted  i n  Table 5-3.  
TABLE 5-3 
F i f t h  Wheel Roll  Spring Test Results  
Longitudinal Pos i t ion  
of Torque Application Average c Minimum c Maximum c 
Aft of Kingpin 
18 f t  697 573 783 
5 i n  ,651 593 .704 
Average f o r  both pos i t ions ,674 
Using c = 0.674 i n  Equation ( 5-16) y i e lds  
As indicated by the da t a  shown i n  Table 5-3, the  value of c  was not g rea t ly  
a f fec ted  by the  change i n  the loca t ions  of torque appl ica t ion .  For o ther  types 
of t r a i l e r s ,  p a r t i c u l a r l y  f l a t  beds, t h i s  may not be the case.  For some t r a i l e r s  
it may be necessary t o  devise new t e s t s  t o  determine how t r a i l e r  f l e x i b i l i t y  may 
be accounted f o r .  
6.1 IiL'TRCDUCTI37I 
Ir. t h i s  sectlo:: 'he r e s u l t s  of the  s t e a d y  t u r n  and b rak ing- in -a - tu rn  t e s t s  of 
the  s t r a i g h t  true<, ?nd the  s t e a d y  t u r n  r e s u l t s  f o r  t h e  b o b t a i l  t r a c t o r  a r e  com- 
pared w i t h  r e s u l t s  frorr the  s i r u l a t i o n  programs. (Rralr ing- in-a- turn t e s t s  were 
not  run  with  the  b o b t a i l  t r a c t o r . )  Descr ip t ions  of the  t e s t  veh ic les  a r e  given i n  
S e c t i o n  6.2. The t e s t  procedures a r e  desc r ibed  i n  S e c t i o n  6.3. The neasurer?,ent 
techniques  used t o  f i n d  t h e  parameters  needed f o r  p r e d i c t i n g  braking performarxe 
a r e  p resen ted  i n  Reference 1; these  include parameters d e s c r i p t i v e  of t h e  brake 
system and t h e  suspensions .  The measurement of those  a d d i t i o n a l  parameters neces- 
s a r y  t o  s i r u l a t e  handl ing maneuvers i s  considered i n  S e c t i o n  5. I n  a d d i t i o n ,  s i n c e  
the  t e s t s  were no t  run  on t h e  same s u r f a c e  a s  t h a t  documented e x t e n s i v e l y  i n  [ l ] ,  
i t  i s  necessary t o  choose new p a r a e e t e r s  t o  c h a r a c t e r i z e  t h e  t i r e - r o a d  i n t e r f a c e .  
This process  i s  descr ibed i n  S e c t i o n  6 .4 .  The complete s e t  of t i r e - r o a d  i n t e r f a c e  
parameters used i n  t h e  s imula t ion  runs  i s  g iven i n  Appendix F. 
I n  S e c t i o n  6 .5  a time h i s t o r y  of t h e  s t r a i g h t  t r u c k  i n  a  braking- in-a- turn 
maneuver i s  considered i n  some d e t a i l .  P l o t s  of s imulated and measure13. yaw r a t e ,  
l o n g i t u d i n a l  a c c e l e r a t i o n  and l a t e r a l  a c c e l e r a t i o n  versus  time a r e  given a s  wel l  
a s  the  s imulated veh ic le  t r a j e c t o r y .  
6.2 A DESCRIFTION OF THE TEST VZHICLES 
I n  o rder  t o  provide exper imental  d a t a  s u i t a b l e  f o r  v e r i f i c a t i o n  of the  simu- 
l a t i o n  program, a  s t r a i g h t  t r u c k  and t r a c t o r - t r a i l e r  combination were sub jec ted  t o  
a  s e r i e s  of performance t e s t s .  S t e a d y - s t a t e  t u r n i n g  and b rak ing- in -a - tu rn  maneu- 
vers  on high and low c o e f f i c i e n t  of f r i c t i o n  s u r f a c e s  were performed. 
The s t r a i g h t  t r u c k ,  a  4 x 6, 50,000 l b  GW vehic le  wi th  a  190 i n .  wheelbase 
and equipped w i t h  a  walking beam suspension,  i s  shown i n  Figure  6 .1 .  It was f i t t e d  
wi th  a  dump-type body f o r  t h e  t e s t  program. Vehicle s p e c i f i c a t i o n s  a r e  given i n  
Table 6-1. 
Handling t e s t s  were conducted with  the  t r u c k  i n  t h e  empty cond i t ion  ( i . e . ,  
wi th  t h e  dump body empty) and i n  t h e  low c . g .  loaded cond i t ion  ( i . e . ,  with thl? dur.p 
body loaded w i t h  g r a v e l ) .  S t a t l c  ax le  loads  and c e n t e r  of g r a v i t y  p o s i t i o n s  f o r  
the  two l o a d i c g  c o c d i t i o n s  a r e  l i s t e d  i n  Table 6 .2 .  
S ince  the  t r u c k  was a  new veh ic le ,  a  minimum amount of p repara t ion  was rl3quired 
t o  prepare  t h e  veh ic le  f o r  t e s t i n g .  O.E. t i r e s  were replaced with  those  t i r e s  spec- 
i f i e d  f o r  t e s t i n g  an0 t h e  dump body was i n s t a l l e d .  The veh ic le  was f i t t e d  w i t h  a  
brake pedal  s t o p  which could be ad jus ted  f o r  a given brake l i n e  p ressure  p r i o r  t o  
t e s t i n g ,  thus  a l l o w i ~ g  open loop a p p l i c a t i o n  of a  q u a s i - s t e p  brake l i n e  p ressure  
inpu t .  The s t e e r i c g  c3lumn was a l s o  f i t t e d  wi th  a  s t o p  a l lowing a  p r e s e t  l e v e l  of 
s t e e r  angle  inpu t  t o  be app l ied  i n  an open loop,  1:mited ramp manner. 
The i n s t r u m e n t a t i s n  installed i n  t h e  veh ic le  i s  l i s t e d  i n  Table 6-3.  
The t r a c t o r  f see  Figure  7 - l ) ,  a  4 x 6,  142 in .  wheelbase, C . O . E . ,  was t e s t e d  
i n  the  b o b t a i l  cond i t ion .  P repara t ion  of the  veh ic le  :,as s i m i l a r  t o  t h a t  descr ibed 
f o r  t h e  t ruck .  Vehicle s p e c i f i c a t i o n s ,  e x l e  weight and c.g.  p o s i t i o n  d a t a  appear 
i n  Table 6-4. P l i s t i n g  of ins t rumenta t ion  used i n  the  veh ic le  appears i n  Table 6-5. 
A l l  t e s t s  were condncted on t h e  s k i d  pad a t  t h e  Bendix Cutomotive Development 
Center  a t  New C a r l i s l e ,  Indiana.  Tes t s  were made on both high c o e f f i c i e n t  ( d r y  
j e n n i t e )  and low c o e f f i c i e n t  (wet  j e n n i t e )  s u r f a c e s .  
P r i o r  t o  t e s t i n g ,  brake burn i sh ing  was accomplished according t o  SAE 3880. 
The new t i r e s  i n s t a i l e d  f o r  t e s t i n g  were worn i n  dur ing t h i s  process  and or. the  
t r i p  from WRI t o  the  t e s t  s i t e .  









Wedge ang le  
S i z e  
Linings  




T i r e s  
S i z e  
Load Range 
TARLE 6-1  
Vehicle  $pt.cif i c a t i o n s ,  S tr:iigilt. ?'ru(.k 
~.x6,  50,530 1b gvw, straight t r u c k ,  198,) i n .  wheelbase 
5 speed f o r d a r d ,  1 r e v e r s e  ; j i t h  4 speed a u x i l i a r y  s p i c e r  
34,000 r a t e d  load w i t h  7.8 r a t i o  
19: 24: 19, h y d r a u l i c  power 
c a s t  spoee 
wedge type 
t n e  9 
12"  
1 5  x 5 
w - v A - ~ ~ ~ P  
314 s q  i n .  




1 5  x 6 
ABB-693- 551-D 
752 sq  i n .  
s i n g l e  swedge, s p r i n g  3c-  
t u a t e d ,  r e a r  wheels 
l e a f  s p r i n g s ,  11 
l e a v e s ,  7000 l b  
rubber  s p r i n g s ,  RSA-340, 
34,000 l b ,  aluniinimum 
walking beam 




Loadicg Condi t ions  f o r  t n e  S t r a i g n t  Truck 
Loading S t a t e  Axle Loads 
Condition f r o n t  l b  r e a r  l b  t o t a l  lb 
Empty b ,7cC1 12,700 21,400 
Loaded 13,300 3 2 , 2 ~ 0  43,236 
T o t a l  Venlcle C . G .  P o s l t i o n  
Loaa ing Inches  Aft  of Inznes  Above 
Condition Front  Axle Gro1;nd 
%Pty 116 46 
Loaded 137 55 
TABLE 6-9 
Instrumentation 
Variable Instrumentat ion 
Left  f r o n t  s t e e r i n g  angle,  FL Markite, Type 3595 Potentiometer,  
5 K ohms 
Right f ron t  s t e e r i n g  angle, 6, Markite, Type 3595 Potentiometer,  
5 K ohms 
S tee r ing  wheel angle, &s Amphenol Model 2101B Potentiometer, 
10 K ohms 
Brake l i n e  pressure a t  f o o t  CEC Type 4-237 S t r a i n  Gage 
valve, P 
f Pressure Transducer 
Brake l i n e  pressure a t  f r o n t  Dynisco Model ~ ~ ~ 1 3 6  S t r a i n  
ax le ,  P 
1 Gage Pressure Transducer 
Brake l i n e  pressure a t  middle Dynisco Model ~ ~ ~ 1 3 6  S t r a i n  
ax le ,  P2 Gage Pressure Transducer 
Brake l i n e  pressure a t  r e a r  Dynisco Model ~ ~ ~ 1 3 6  S t r a i n  
ax le ,  P 
3 Gage Pressure Transducer 
Parking brake a i r  pressure,  
P~ 
Dynisco Model ~ ~ ~ 1 3 6  S t r a i n  
Gage Pressure Transducer 
Yaw r a t e ,  $, pi tch ,  8 ,  r o l l ,  Humphry Inc. S t ab i l i zed  Platform 
@, longi tudina l  acce lera t ion ,  Unit CF 18-0109-1 
A,, l a t e r a l  acce lera t ion ,  Ay 
Wheel ro t a t i on ,  lock-up f o r  each Enwell Bicycle Generators f o r  
of s i x  wheels, LU1-6 go/no-go ind i ca t ion  
Vehicle ve loc i ty ,  Vx Tracktest  F i f t h  Wheel 
Brake l i n i n g  temperature f o r  Serve-Rite, Iron-Constantan 
each of s i x  wheels, 'I1-6 Thermocouple 
Recorders: (1) Honeywell Visicorder ,  Model 2206, 14 Channel, l i g h t  
beam osci l lograph 
( 2 )  Clevite-Brush, Model 2310, 16 Channel, l i g h t  beam 
osc i l lograph  
Engine 
Transmission 
i iear Axle 
S t e e r i n g  Gear 
::heels 
Brakes 
S p e c i a l  equip.  
Air chamber 
Wedge ang le  





T i r e s  
S i z e  
Load Range 
Axle Weights 
B o b t a i l  
T o t a l  Vehicle C .G. 
P o s i t  ion ,  
B o b t a i l  
TABLE b - L  
Vehicle  S p e c i f i c a t i o n s ,  Tracsor  
1x5, 46,300 i b  p, 112-in .  wheelbase,  COE i s l e e p e r  
type ) 
V-8, 5 3 5  
5 speed forward, 1 r e v e r s e ,  2 speed a u x i l i a r y  s p i c e r  
34,000 wi th  4.11 r a t i o  
2 8 : 1  c o n s t a n t  r a t i o ,  lock  t o  lock  
Cast  spoke 
Front-dual chamber wedge 
type 
l i m i t i n g  and quick r e l e a s e  
valve 
type 1 2  
1 2 "  
1 5  x 4 
RM-MR-417~ 
?,ear-dual chamber wedge 
type 
r e l a y  valve and quick r e -  
l e a s e  valve 
Type 12  
12 O 
1 5  x  7 
RM-MA-417~ 
s i n g l e  wedge, s p r i n g  ac- 
t u a t e d ,  4 r e a r  wheels 
l e a f  s p r i n g  4  s p r i n g  
highway t r e a d ,  tube type deep l u g ,  tube type 
13.90- 20 13.00-20 
F F 
67 inches  a f t  of f r o n t  ax le  
40 inches  above ground l e v e l  
TABLE 6-5 
Ins t rumenta t ion ,  Trac to r  
Var iab le  Ins t rumenta t ion  
Lef t  f r o n t  s t e e r i n g  angle ,  FL Markite,  Type 3595 Potent iometer ,  
5 K ohms 
Right f r o n t  s t e e r i n g  angle ,  6, Markite,  Type 3595 Potent iometer ,  
5 K ohms 
S t e e r i n g  wheel ang le ,  bs 
Brake l i n e  p ressure  a t  f o o t  
va lve ,  Pf 
Amphenol Model 2101B Potent iometer ,  
10  K ohms 
CEC Type 4-327 S t r a i n  Gage Pressure  
Transducer 
Brake l i n e  p ressure  a t  f r o n t  Dynisco Model ~ ~ ~ 1 3 6  S t r a i n  Gage 
ax le ,  P1 Pressure  Transducer 
Brake l i n e  p ressure  a t  t r a c t o r  Dynisco Model ~ ~ ~ 1 3 6  S t r a i n  Gage 
r e a r  ax le ,  P2 Pressure  Transducer 
Brake l i n e  p ressure  a t  t r a i l e r  Dynisco Model ~ ~ ~ 1 3 6  S t r a i n  Gage 
r e a r  a x l e ,  P 
3 
Pressure  Transducer 
Trac to r  p i t c h ,  8, r o l l ,  @, Humphry Inc .  S t a b i l i z e d  Pla t form 
l o n g i t u d i n a l  a c c e l e r a t i o n ,  A,, Unit  ~ ~ 0 7 - 0 1 1 4 - 1  
l a t t e r a l  a c c e l e r a t i o n ,  A 
Y 
Yaw r a t e ,  $, of t r a c t o r  Daystrom P a c i f i c  Rate Gyro 
Model R59B90-1 
Wheel ro ta t ion / lock-up  f o r  each Enwell Bicycle Generators f o r  
of s i x  wheels,  LU1-6 go/no-go i n d i c a t i o n  
Vehicle v e l o c i t y ,  Vx Track tes t  F i f t h  Wheel 
Brake l i n i n g  temperature f o r  each Serve-Ri te ,  Iron-Constantan 
of s i x  wheels, T1-6 Thermocouple 
Recorders: Two Honeywell Vis icorders ,  Model 2206, 14 Channel, l i g h t  
beam o s c i l l o g r a p h  
6.3 TEST PROCEDURES 
Tests  conducted f o r  the  purpose of providing d a t a  f o r  v a l i d a t i o n  of the  brak- 
ing  and handl ing performance s imula t ion  program included s t e a d y - s t a t e  t u r n i n g  and 
b rak ing- in -a - tu rn  t e s t s .  These t e s t s  were r u n  on both high and low c o e f f i c i e n t  
s u r f a c e s ,  i n  t h e  empty and loaded cond i t ion ,  and from var ious  speeds.  A l i s t  of 
s i g n a l s  recorded dur ing  t h e  t e s t s  i s  g iven i n  Table 6-6. 
6.3.1 STEADY-STATE TURNING. With t h e  veh ic le  i n i t i a l l y  t r a v e l i n g  i n  a 
s t r a i g h t  l i n e  a t  t h e  s p e c i f i e d  t e s t  speed, a l i m i t e d  ramp s t e e r  angle  was input  t o  
the  veh ic le .  P r i o r  t o  t h e  t e s t ,  the  s t e e r i n g  column block was ad jus ted  f o r  t h e  
des i red  maximum s t e e r i n g  wheel angle  i n  o rder  t h a t  t h i s  inpu t  could be app l ied  i n  
an open loop fash ion .  Constant veh ic le  speed was maintained u n t i l  a s t e a d y - s t a t e  
veh ic le  response was obtained and recorded. 
Tes t s  were conducted a t  nominal speeds of 25  and 3 C  mph. S t e e r  angles  y i e l d -  
.ing s t e a d y - s t a t e  l a t e r a l  a c c e l e r a t i o n s  of 25, 9, 75, and lowo of the  maximum value 
'I'AB1,E 6-6 
Test  Ir 'easureme~ts 
Variable* S teady-S ta te  Turning Braking- in-a-Turc - 
Mon 
Key: R-Record con t inuous ly  dur ing  t e s t  
Mon-Monitor before  and a f t e r  t e s t  
*Refer t o  Table 6-3 f o r  v a r i a b l e  d e f i n i t i o n s .  
considered s a f e  f o r  t h e  p a r t i c u l a r  load c o n f i g u r a t i o n  were used. (Maximum s a f e  
s t e a d y - s t a t e  l a t e r a l  d e c e l e r a t i o n  l e v e l s  were deemed t o  be 20 f t / s e c 2  f o r  the  empty 
c o n f i g u r a t i o n  and 16 f t / s e c 2  f o r  t h e  loaded c o n f i g u r a t i o n . )  
6 .3 .2  BRPKIIIG-11:-i.-TURN. Braking- in-a- turn k e s t s  were begun ir, the  same mar.- 
ne r  a s  desc r ibed  f o r  t h e  s t e a d y - s t a t e  t u r n  t e s t s .  However, once the  veh ic le  ob- 
t a i n e d  a  s t e a d y - s t a t e  l a t e r a l  a c c e l e r a t i o n ,  a  q u a s i - s t e p  brake a p p l i c a t i o n  was 
made, i n  which the  brake l i n e  p ressure  l e v e l  was determined by the  p r e s e t  cond i t ion  
of the  brake peda l  s t o p .  The s t e e r  angle  was held  f i x e d  u n t i l  the  veh ic le  came t o  
r e s t  o r  u n t i l  t h e  veh ic le  was i n  danger of l e a v i n g  the  t e s t  a r e a .  Tests  were con- 
ducted f r o r  i n i t i a l  v e l o c i t i e s  of 25  and 30 mph and w i t h  i n i t i a l  brake temperatures  
of 200" o r  l e s s .  S t e e r  ar-gles and brake l i n e  p ressures  were chosen t o  cover a  
broad range of l a t e r a l  and l o n g i t u d i n a l  d e c e l e r a t i o n s  wi th  the  aim of es tab l i , ;h inq  
performance l i n i t s  a r  which one o r  more wheels lock.  
6 .4  T I R E  PARPKETERS F3R VALIDATIOIJ 
Extensive t i r e  t e s t  d a t a ,  taken on t k e  HSRI  f l a t  bed t e s t  machine [ 4 ]  was a- 
v a i l a b l e  f o r  new t i r e s  of the  sane model a s  those  used i n  the  exper imental  work. 
(The t i r e  t e s t  d a t a  i s  given i n  Appendix G . )  It  was, of course ,  necessary t o  
modify some of t h i s  d a t a  t o  f i t  the  speed and s u r f a c e  cond i t ions  of the  t e s t s .  
This was done i n  a  s l i g h t l y  d i f f e r e n t  f a s h i o n  f o r  t h e  d ry  and the  wet s u r f a c e  a s  
w i l l  be shown below. 
6 .b .1  TIRE PARAETERS FOR TiE TRY SURFACE. The t i r e  model was used t o  match 
t i r e  d a t a  taken from the  f l a t  bed t i r e  t e s t  machine a s  c l o s e l y  a s  p o s s i b l e .  The 
speed s e n s i t i v i t y  parameter,  FA, was s e t  t o  zero t o  model f l a t  bed t e s t ,  and po 
was chosen from an exan ina t ion  of the  t i r e  t e s t  d a t a  a t  low load and high s l i p  
angle .  The curve f i t  parameters 5 and KF were chosen by t r i a l  and e r r o r  through 
t h e  use of t h e  a lgor i thm given i n  Appendix H. This process ,  a s  w e l l  a s  some 
i l l u s t r a t i o n s  of t he  i n t e r ac t ion  between longi tudina l  and l a t e r a l  s l i p  t o  produce 
brake fo rce  and cornering force  predicted by t h e  t i r e  model, i s  given in  Sec t ion  
3.2.2 f o r  the  10  x  20F t i r e ,  which was used on the  tandem ax le s  of the  s t r a i g h t  
t ruck.  
The values f o r  uo  and FA f o r  t he  dry sur face  s imulat ion were chosen i n  the  
following way: with FA chosen t o  be .005 j a  reasonable value based on pas t  ex- 
perience i n  t he  p i t c h  plane modeling) and using the  values of C from the t i r e  a 
t e s t  da t a  and the  curve f i t  parameters a s  explained above, a  few preliminary s teady 
tu rn  s imulat ions were run. It was immediately apparent from the  dry sur face  runs 
t h a t  any reasonable 1, would lead  t o  good steady t u r n  r e s u l t s  when po was s e t  t o  
the  same value f o r  f r o n t  and r e a r  t i r e s .  Further  prel iminary runs,  t h i s  time 
simulat ing braking-in-a-turn, l ed  t o  the  choice of ko = .85 f o r  a l l  the  t i r e s .  
The values of t he  l ong i tud ina l  s t i f f n e s s ,  C s ,  were taken d i r e c t l y  from the  
f l a t  bed t i r e  t e s t  da ta .  Since Cs var ies  widely with the normal load, the  t ab l e  
lookup mechanism was used as  explained in  Sec t ion  3.2.1 It should be again noted 
here t h a t ,  i n  add i t i on  t o  being a  bas ic  parameter i n  any maneuver involving braking, 
the l ong i tud ina l  s t i f f n e s s  i s  important i n  a  s teady t u r n  ana lys i s  s ince  a  yaw ~ o m e n t  
r e s u l t s  from the  l ong i tud ina l  s l i p  gradien t  of dua l  t i r e s  t r ave r s ing  a  curved path. 
The a l i gn ing  torque,  M Z ,  a r i s i n g  from the  operat ion of a  s ing l e  t i r e  a t  a  s ide-  
s l i p  angle was a l s o  included i n  the s imulat ions.  The da ta  from the f l a t  bed t i r e  
t e s t  machine was used d i r e c t l y .  Since MZ i s  a  func t ion  of both normal load and 
s i d e s l i p  angle,  the  t a b l e  lookup mechanism i s  s l i g h t l y  more complicated than the  
lookup f o r  C, and Cs.  An explanat ion is  given i n  Sec t ion  3.2.3. 
6.4.2 TIRE PARAMETERS FOR THE WET SURFACE. To choose values f o r  1, and FA 
f o r  use i n  the  wet sur face  va l ida t ion ,  the  fol lowing procedure was used. Using 
the Ca, E ,  and KF chosen f o r  the dry sur face  s imulat ions,  and wi th  FA chosen t o  be 
. O 1  ( a  reasonable value f o r  the  wet sur face  based on pas t  experience i n  p i t ch  plane 
modeling), a  few prel iminary s teady t u r n  s imulat ions were run. It became obvious 
from these runs t h a t  a  minimum po value of a t  l e a s t  - 5 5  on the f r o n t  t i r e s  was re -  
quired t o  negot ia te  the  turns  a t  l a t e r a l  acce l e r a t i on  l e v e l s  commonly encountered 
i n  the  t e s t s  and, i n  addi t ion ,  t h a t  a  higher  nominal f r i c t i o n  c o e f f i c i e n t  was re -  
quired on t h e  r e a r  t i r e s  t o  maintain yaw r a t e s  comparable t o  those found experi-  
mentally. (This  i s  reasonable i n  view of the f a c t  t h a t  t he  r e a r  t i r e s ,  e spec i a l l y  
those on the  t r a i l i n g  tandem, a r e  sub jec t  t o  qu i t e  d i f f e r e n t  sur face  condit ions 
than the  f r o n t  t i r e s  which encounter only the  undisturbed water on the  jenni te  
sur face .  ) From these  prel iminary runs,  t he  r e a r  t i r e  po values were f ixed  3.65. 
I n  the matter  of the  a l i gn ing  torque,  some specula t ion  i s  neces sa r i l y  involved. 
It seems reasonable t o  assume t h a t ,  s ince  the cornering forces  a t  any given normal 
load and s l i p  angle a r e  lower on the  wet sur face  than on the  dry sur face ,  the a- 
l i gn ing  torque a t  any s l i p  angle and load would be l e s s  on the wet sur face  than on 
the dry surface.* The values used i n  the s imulat ion were chosen t o  be the  values 
used i n  the dry sur face  runs scaled dovn by the  r a t i o  of ( u o  wet)/!, d ry ) .  The 
a l ign ing  torque da ta  f o r  the  f r o n t  t i r e s  was therefore  scaled down by the  r a t i o  
- ' 5 5 .  I n  the wet surface t e s t i n g ,  i n  which the  t ruck  was run i n  the  empty condit ion,  
-85  
the tandem t i r e s  were opera t ing  a t  such small  normal loads t h a t  the  a l ign ing  torque 
was considered neg l ig ib l e .  
*This may not be t r u e  a t  very small  s l i p  angles .  However, the a l ign ing  torque be- 
comes negl ig ib ly  small f o r  very small s l i p  angles. 
I t  shoclri be noteli a t  t h i s  p i n :  t h a t ,  8s h?.s bt:c!: pointed ou t  by Yrvin, t ~ t  - 
a l .  i n  [ l  )I, : i s ter  depth var ia t , lons  sn  t t e  o rder  of :;.:'7 inchps kav' :I "yrof:n:~~r! - 
in f luence  Dn t . i r e - r x c !  f r i c t i o n  p r o p e r t i e s .  " Since v a r i n t i  ons i ~ :  water deptt! i?f 
a t  l e a s t  t'ls m a g n i t u ? ~  '.;ere encountered ir ,  the  ex?er imental  work, i t  shc~iild t r ~  
e x p e c t ~ d  th?.t t h e  s i m ~ ; l n t i o n  of v e h i c l e  maneuvers or: sucl: :I s \ i r f , ice  s!?ouid provt. 3 
speculat iv t .  unr ler tnt ing.  Thus, whi le  3 comparison l ~ ~ ~ t w e t ~ n  the. sin~u!,l.~ion :!!lcI tht. 
exper imental  wark on thp wet s u r f a c e  i n d i c a t e s  gootl agreement, i t  should not be in- 
ferrec! t h a t  wet s u r f a c e  s i m u l a t i o n  w i l l ,  i n  g e n e r a l ,  lead t o  such goo6 r e s u l t s .  
I n  c o n t r a s t  t o  s imula t ion  of rr,ar.euvers Dn a  d ry  s u r f a c e ,  f ror .  ...,rhich 32e r n l  :I>': e.!- 
p e c t  r e a s ~ n a b l y  r e p e a t a b l e  exper lmes ta l  r e s u l t s ,  wet s d r f a c e  maKeuvers cancox be  
s imulated a c c u r a t e l y  wi thout  d e t a l l e d  knowledge of t h e  a c t u a l  t e s t  s i t e  a t  t h e  tlme 
of t h e  t e s t s .  
6 .5  A C0MJ.F i,RISON BETEEN TEST DATA. AID THE SIMULATIOX RWS 
6.3.1  STEAOY TbRJS. Steady t u r n  d a t a  was t aken  f o r  t h e  s t r a i g h t  t r u c x  i n  the  
empty and loaded c o n d i t i o n  on the  d ry  s u r f a c e  and i n  the  empty c o n d i t i o n  on the  wet 
su r face .  I n  a d d i t i o n ,  the  b o b t a i l  t r a c t o r  was t e s t e d  i n  s t eady  t u r n s  ori the  dry 
s u r f a c e .  The t e s t i n g  procedure has been explained i n  S e c t i o n  6.3; thl? param.eters 
necessary t o  d e s c r i b e  t h e  veh ic les  a r e  given i n  Appendix F .  
With the  input  d a t a  obta ined a s  desc r ibed  above, t h e  e c t i r e  s e r i e s  of s t e a d y  
t u r n  t e s t s  conducted on the  s t r a i g h t  t r u c k  was s imulated.  The r e s u l t ;  of the  sim- 
u l a t i o n  a r e  superimposed on t h e  exper imental  r e s u l t s  i n  F igures  6-2 through 6-8. 
.A comparison of t h e  s imulated runs w i t h  t h e  a p p r o p r i a t e  e m p i r i c a l  da t , s  is  given in  
Table 6-7. 
P t  t h i s  p o i n t ,  c e r s a i n  d i f f e r e n c e s  between the  exper imental  procedure a:qd t h e  
s imulated procedure should be noted. The s t eady  tu r r ,  exper imental  r e s u l t s  were 
taken a t  a s t e a d y  speed;  whatever d r i v e  torque necessary t o  mainta in  t h a t  speed was 
app l ied .  I n  the  s imula t ion ,  on the  o t t e r  hand, no d r i v e  torque was app l ied .  Thus 
the  s imulated veh ic le  speed drops a u r i ~ g  t h e  course of t h e  run a s  a  r e s u l t  of the  
l o n g i t u d i n a l  component of t h e  s i d e  f o r c e  of the  s t e e r e d  f r o n t  wheels.  Therefore ,  
t h e  i n i t i a l  c o n d i t i o n  of veh ic le  speed was chosen s l i g h t l y  h igher  than  the  speed 
f o r  which the  r e s u l t s  were d e s i r e d ;  the  veh ic le  model would reach a  quas i - s t eady  
t u r n  cond i t ion  i n  which it would g radua l ly  l o s e  speed. When t h e  speed dropped t3  
t h e  t e s t  speed, t h e  s imulated yaw r a t e  and l a t e r a l  a c c e l e r a t i o n  p r e d i c t i o n s  were 
noted. These values a r e  p l o t t e d  i n  F igures  5-2 through 6-7 f o r  t h e  s t r a i g h t  t r u c k  
and i n  F igure  6-8 f o r  t h e  b o b t a i l  t r a c t o r .  
Another s l i g h t  d i f f i c u l t y  i s  t t a t  t h e  t e s t  d a t a  was taken a t  speeds s l i g h t l y  
d i f f e r e n t  than t h e  "nominal speed" d e s i r e d  f o r  the  t e s t .  To f a c i l i t a t e  the  mean- 
i n g f u l  s u p e r p o s i t i o n  of s imulated ar.d exper imental  r e s u l t s  on the  f i g u r e s ,  the  
average speed of t h e  e m p i r i c a l  r e s u l t s  was used a s  the  speed a t  which the  d a t a  was 
taken from t h e  s imula t ion .  The a c t u a l  speed a t  which t h e  t e s t s  were run i s  in -  
cluded i n  t h e  l i s t  of r e s u l t s  given i n  Table 6.7. 
I t  should a l s o  be noted t h a t  t h e  measured s t e e r  angles  were use6 i n  t h e  simu- 
l a t i o n .  These were, a s  one might expect ,  s i g n i f i c a n t l y  d i f f e r e n t  from s i d e  t o  s i d e .  
(S ince  a l l  t h e  e m p i r i c a l  r e s u l t s  and s imula t ion  runs were l e f t  t u r n s ,  the  l e f t  s t e e r  
angle  was always l a r g e r  than  the  r i g h t . )  For t h e  purposes of F igures  6-2 through 
-6-8 average s t e e r  ang les  were p l o t t e d .  The measured s t e e r  angles  a r e  given i n  
Table 6-7. 
With very fe-d excep t ions ,  t h e  measured r e s u l t s  and the  p red ic ted  r e s u l t s  a r e  
i n  very c l o s e  agreement. I n  a l l  t h e  s t e a d y  t u r n  f i g u r e s ,  the  s imulated yaw r a t e  
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AVERAGE STEER ANGLE (degs . ) 
Figure 6-2. Steady t u r n ,  empty, d r y ,  39.5 f t / s e c  
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AVERAGE STEER ANGLE ( degs . ) 
AVEfiAGE STEER ANGLE (degs . ) 
6-4. Steady tu rn ,  low c.g. l o a d ,  dry ,  39.1 f t / sec  
AVERAllE STEER ANGLE ( degs . ) 
AVERAGE STEER ANGLE (degs. ) 
Figure 6-5.  Steady t u r n ,  low c.g. load,  d r y ,  45.6 f t /sec 
AVERAGE STEER ANGLE ( degs . ) 
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Figure 6-6. Steady t u rn ,  empty, wet, 39 f t / s ec  
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AVERAC;E STEER ANGLE (degs. ) 
AVERAGE STEER ANGLE: (degs. ) 
Figure  6-8. Steady t u r n ,  b o b t a i l  t r a c t o r ;  Ciry, 41 f t / s e c  
TABLE 6-7 
Steady Turns, S t r a i g h t  TrucK 
5l 'measured 
*Y 
(deg) ( f t / s e c )  
( f t / s e c 2 )  
(deg) - measured simulated 
( a )  Empty, dry surface 
Simulated speed: 39.5 f t / s e c  
( b )  E ~ p t y ,  dry surface 
Simulation speed: 46.75 f t / s e c  
( c )  Low center  of grav i ty ,  dry surface 
Simulation speed: 39.1 f t / s e c  
( d )  Low center  of grav i ty ,  dry surface 
Simulation speed: 45.6 f t / s e c  
( e )  Empty, wet surface 
Simulation speed: 39 f t / s e c  
( deg/sec) 
measured simulated 
TABLE 6-7 (concluded) 
6r 1 'measured 
(deg) (deg)  ( f t / s e c )  - measured simulated measured simulated 
( f )  Empty, wet surface 
Simulation speed: 46.8 f  t / s ec  
( g )  Bobtai l  t r a c t o r ,  dry sur face  
Simulation speed: 45 f t / s e c  
and the simulated l a t e r a l  acce l e r a t i on  may appear t o  be d i f f e r e n t  only by a  s ca l e  
f ac to r .  This should be expected s ince ,  i n  the  simulated "steady" turns  
where 
Ay i s  the l a t e r a l  acce l e r a t i on  
u i s  the  l ong i tud ina l  ve loc i ty  
' 
$ i s  the  yaw r a t e  
The yaw r a t e  and the l a t e r a l  acce l e r a t i on  were measured independently, however; 
thus, the empir ical  r e s u l t s  conform t o  Equation (6-1)  only wi th in  the  l i m i t s  of 
accuracy of the  instrumentat ion.  
6.5.2 BRAKING-IN-A-TURTJ. The experimental procedure f o r  the  braking-in-a- 
t u r n  t e s t s  has been explained i n  Sec t ion  6.3.2. Some r e s u l t s  from these t e s t s  a r e  
p lo t ted  i n  Figures 6-9 and 6-10. I n  these f i gu re s ,  s teady-s ta te  l a t e r a l  acce ler -  
a t i o n  before the app l i ca t i on  of t h e  brakes i s  p lo t t ed  versus maximum longi tudina l  
dece lera t ions  a f t e r  the app l i ca t i on  of the  brakes. The incidence of wheel lockup 
may be infer red  from the manner of p l o t t i n g  of the poin t .  It should be noted t h a t ,  
s ince  the proper t ies  of t he  t i re - road  in t e r f ace  may be expected t o  be qu i t e  simi- 
l a r  a t  the  nominal t e s t  speeds of 25 and 30 mph, both 25 and 30 mph da t a  i s  included 
i n  Figures 6-9 and 6-10. 
I n  the  s imulat ion runs,  the  a c t u a l  s t e e r  and brake pressure da t a  from the 
braking-in-a-turn t e s t s  was not used; r a t h e r ,  the  s imulat ion was used t o  predic t  
the maximum long i tud ina l  dece lera t ion  possible  without wheel lockup when s t a r t i n g  
from a s teady turn .  Thus, f o r  points  in  the  a r ea  of the  f i g u r e s  above the  simu- 
l a t i o n  l i n e ,  the  s imulat ion w i l l  p r ed i c t  wheel lockup, and i n  the  area below the 
8 Wheel Lock Code 
8 Left Tandem Right Tandem @ Left Rear Right Rear 
No Lock 
Figure 6-9. Braking-in-a-turn; empty, dry 
Wheel Lock Code 
0.40 Lef't Tandem fight  ande em. 03 Lef't Rear Right Rear 
No Lock 8 
e 
V] 
bD 0 - 0.20 
P e 
0.10 - r * a  
Figure 6-10. Braking-in-a-turn; low c .g .  load, d r y  
simulat ion l i n e ,  t he  s imulat ion w i l l  p red ic t  t h a t  no wheels w i l l  lock. The simu- 
l a t ed  r e s u l t  s p l i t s  the empir ica l  da ta  q u i t e  accura te ly ;  with few exceptions, the 
locked wheel empir ica l  r e s u l t s  f a l l  above the s imulat ion l i n e  and the  unlocked re -  
s u l t s  below the s imulat ion l i n e .  I n  t he  next  sec t ion ,  i n  which a  s ing l e  braking- 
' . in-a- turn run is considered i n  d e t a i l ,  f u r t h e r  evidence i s  given of the  r e l i a b i l -  
i t y  of the s t r a i g h t  t ruck  s imulat ion.  
6 , 5 . 3  EETAILED S IMULATFD AND ENPIRICAL RESULTS OF A BRAKING- IN-A-  TURN MANEU- 
VER. Time h i s t o r i e s  of the  important dynamic var iab les  descr ib ing  a  braking-in-a- 
tu rn  maneulrer a r e  given i n  Figure 6-11. I n  t h i s  maneuver, a f t e r  en t e r ing  a  "steady" 
r i g h t  tu rn ,  brakes were applied a t  time t = 2 seconds, and held u n t i l  the  vehicle  
stopped. Points taken d i r e c t l y  from the empir ica l  da ta  were entered in  the  simu- 
l a t i o n  f o r  (1) the s t e e r  angle ( r i g h t  s ide  s t eady - s t a t e  8.5") l e f t  s i de  steady- 
s t a t e ,  7.0")) and ( 2 )  the applied brake pressure a t  the  foot  valve. A t  the  time 
of brake appl ica t ion ,  simulated and measured speed were 36.4 f t / s e c .  La tera l  ac- 
ce l e r a t i on ,  Ay ,  l ong i tud ina l  acce lera t ion ,  Ax, and yaw r a t e ,  , are  p lo t ted  versus 
time, I n  t h i s  case,  a s  i n  t h e  major i ty  of t h e  s t r a i g h t  t ruck  runs,  t h e  corre-  
spondence between t h e  empir ical  r e s u l t s  and t h e  predic ted  r e s u l t s  a r e  remarkably 
good, 
STEER ANGLE ( 6 )  AND 
BRAKE PRESSURE ( P ~ )  
YAW RATE ($1 
(deg/sec) 
Average S t ee r  Angle = 7.7' 
Pf = 21.8 p s i  
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F i g ~ r e  6-11. A time h i s t o r y  o f  a brak ing- in-a- t l~rn  manelver 
TESTS .AN3 VALIDATIONS FOR 
7 . 1  INTRODUCTIOK 
I n  t h i s  s e c t i o n  t h e  r e s u l t s  o f  t h e  s t e a d y  t u r n  and b rak ing- in -a - tu rn  t e s t s  of  
t h e  a r t i c u l a t e d  v e h i c l e  a r e  compared w i t h  r e s u l t s  from t h e  s i m u l a t i o n  programs. A 
d e s c r i p t i o n  of  t h e  t r a c t c r  i s  g iven  i n  S e c t i o n  6 .2 ,  and a  d e s c r i p t i o n  of t h e  t r a i l e r  
i s  g iven  i n  7.2. The t e s t  procedures  a r e  desc r ibed  i n  S e c t i o n  7.5. The measure- 
ment t echn iques  used t o  f i n d  t h e  parameters  needed f o r  p r e d i c t i n g  b rak ing  p e r f o r -  
mance a r e  p resen ted  i n  Reference 1 ;  t h e s e  i n c l u d e  parameters  d e s c r i p t i v e  of t h e  
brake system and t h e  s u s p e n s i o ~ s .  Tke measurement 3f t h o s e  a d d i t i o n a l  parameters  
necessa ry  t o  s imula te  hacd l ing  maneuvers i s  cons ide red  i n  S e c t i o n  5. I n  a d d i t i o n ,  
s i n c e  t h e  t e s t s  were n o t  r u n  on t h e  same s u r f a c e  a s  t h a t  documented e x t e n s i v e l y  i n  
[ I ] ,  it was necessa ry  t o  choose new parameters  t o  c h a r a c t e r i z e  t h e  t i r e - r o a d  i n t e r -  
face .  This p rocess  i s  desc r ibed  i n  S e c t i o n  7.4. The complete s e t  of t i r e - r o a d  
i n t e r f a c e  parameters  used i n  t h e  s i m u l a t i o n  runs  i s  g iven  i n  Appendix F. 
I n  S e c t i o n  7 .5  c e r t a i n  i n t e r e s t i n g  measured t ime h i s t o r i e s  a r e  cDmpared w i t h  
t h e  cor responding  s i m u l a t i o n  r e s u l t s .  30th  a s t a b l e  b rak ing- in -a - tu rn  maneuver 
and a  s t r a i g h t  l i n e  maneuver r e s u l t i c g  i n  a  j ackkn i fe  a r e  c ~ n s i d e r e d .  
7.2 A DESCRIPTICK OF THE EST VEHICLE 
I n  o r d e r  t o  p rov ide  exper imental  d a t a  f o r  t h e  v e r i f i c a t i o n  o f  t h e  b rak ing  and 
hand l ing  s i m u l a t i o n  program f o r  a r t i c u l a t e d  v e h i c l e s ,  t h e  t r a c t o r - t r a i l e r  combina- 
t i o n  shown i n  F igure  7 - l w a s  s u b j e c t e d  t o  a  s e r i e s  of hand l ing  performance t e s t s .  
These t e s t s  inc luded  s t e a d y - s t a t e  t u r n i n g ,  b rak ing- in -a - tu rn ,  an6 j ackkn i fe  t e s t s .  
The t e s t  t r a c t o r  was a  4 x  5, 46,000 l b  GW, COE on a  142- inch wheel base  and 
was equipped w i t h  a  f o u r - s p r i n g  suspension w i t h  l o a d  l e v e l e r .  S p e c i f i c a t i o n s  f o r  
t h e  t r a c t o r  were g iven  p r e v i o u s l y  i n  Table 6-4. The t r a i l e r  used f o r  t e s t i n g  was 
F igure  7-1. P , r t i c u l a t e d  v e h i c l e  
a  40-f t  van type. This vehic le  a l s o  was equipped wi th  a  four-spring suspension 
wi th  load l e v e l e r  r a t ed  f o r  a  34,000-lb gross load. Other spec i f i ca t i ons  f o r  t h i s  
t r a i l e r  a r e  given i n  Table 7-1. 
TABLE 7-1 
Tra i l e r  Spec i f ica t ions  
Model 40 ft,  van type, 2  axle,  s emi t r a i l e r  
Suspension 4 spr ing  (3  l e a f )  
Axles 34,000 l b  
Brakes S-cam, l ead ing - t r a i l i ng  
Air chambers type 30 
Slack ad jus t e r s  6- inch length  
Size 16-112 x  7 
Linings SAE f r i c t i o n  code "EE" 
Ti res  highway t read ,  tube type 
Size 10.00 x  20 
Load rar.ge F 
Tests were conducted on t h e  t r a c t o r - t r a i l e r  combination wi th  t h e  vehic le  i n  
both t he  empty and loaded conditions. ( ~ o a d  f o r  t h e  t r a i l e r  cons is ted  of 46,800 l b  
of conta iner ized  gravel.  ) Axle weights and center  of g rav i ty  pos i t i ons  f o r  the  
vehicle  i n  both load configurat ions i s  given i n  Table 7-2. 
TABLE 7-2 
Loading Conditions f o r  t h e  Ar t icu la ted  Vehicle 
Loading S t a t i c  Axle Load ( l b )  
Condition Front Rear T ra i l e r  Total  
Empty 9,900 10,500 7,800 27,200 
Loaded 10,500 32,000 31,800 74,300 
C. G. Pos i t ion  
Loading Tractor T ra i l e r  
Condition Aft of f ron t  Height Aft of Height 
ax le  ( in .  ) ( in .  ) ~ i n g p i n (  in. ) ( i n .  ) 
Empty 
Loaded 
In  add i t i on  t o  t he  vehicle  prepara t ion  previously described f o r  t h e  t r a c t o r  
i n  Sect ion 6-2, t he  a r t i c u l a t i o n  angle l i m i t e r  shown i n  Figure 7-2 was f i t t e d  t o  
t h e  t r a c t o r .  Thls device l i m i t s  t he  a r t i c u l a t i o n  angle of t h e  ~ o m b i n a t i o ~  vehic le  
t o  a  n o m i ~ a l  value of +l5'. I n  addi t ion ,  t h e  OEM t i r e s  on the  t r a i l e r  were r e -  
placed with t h e  t i r e s  spec i f i ed  f o r  t e s t i ng .  
Instrumentat ion i n s t a l l e d  on the  t r a c t o r - t r a i l e r  combination i s  l i s t e d  i n  
Table 7-3. 
The s teady t u r n  t e s t s  and the  braking-in-a-turn t e s t s  were conducted on the  
skid pad a t  t h e  Bendix Automotive Development Center (MDc)  a t  New C a r l i s l e ,  
Indiana. Tests were made on both high coe f f i c i en t  (d ry  j enn i t e )  and low coe f f i -  
c i e n t  (wet j enn i t e )  surfaces.  High speed jackknife t e s t s  were conducted on dry 
asphal t  on t h e  oval  t r a c k  a t  t h e  BADC. 
TABLE 7-3 
Ins t rumenta t inn ,  Tractor-frailer Csmbination 
Variable  Ins t rumenta t ion  
Lef t  f r s c t  s t e e r i n g  acg le ,  E 
L 
Markite,  Type 3595 Potent iometer ,  
5 K ohms 
Right f r o n t  s t e e r i n g  angle ,  5 Markite, Type 359: Potent iometer ,  
r 
5 K ohms 
S t e e r i n g  wheel ang le ,  E Amphenol Model 2101B Potent iometer ,  
S 
1 0  K ohms 
2rake l i n e  p r e s s u r e  a t  f o o t  
valve,  Pf 
3rake l i n e  p r e s s u r e  a t  f r o n t  
a x l e ,  P 
1 
Brake l i n e  p r e s s u r e  a t  t r a c t o r  
r e a r  a x l e ,  
p2 
Brake l i n e  p r e s s u r e  a t  t r a i l e r  
r e a r  a x l e ,  
p3 
CEC Type 4-327 S t r a i n  Guage Fres-  
s u r e  Transducer 
Dynisco Model APT136 S t r a i n  Guage 
Pressure  Transducer 
Dynisco Model A~T136 S t r a i n  Guage 
Pressure  Transducer 
Dynisco Model ~ ~ ~ 1 3 6  S t r a i n  Guage 
Pressure  Transducer 
Trac to r  p i t c h ,  8, r o l l ,  a ,  Hymphry Inc . ,  S t a b i l i z e d  Pla t form 
Longi tud ina l  a c c e l e r a t i o n ,  A 
x' Unit SA07-0114-1 
L a t e r a l  a c c e l e r a t i o n ,  A 
Y 
Yaw r a t e ,  b, of  t r a c t o r  Daystrom P a c i f i c  r a t e  Gyro Model 
259B90-1 
A r t i c u l a t i ~ n  ang le  between 
t r a c t o r  and t r a i l e r ,  $ -$ I  
Beckman Helipot Mod 3301, 1 K 
Wheel ro ta t ion / lock-up  f o r  each Enwell Bicycle Generators f o r  
of  t e n  wheels,  LU 
1-10 
go/no-go i n d i c a t i o n  
Vehicle v e l o c i t y ,  Vx Track tes t  F i f t h  Wheel 
Brake l i n i n g  temperature  f o r  each Serve-Ri te ,  Iron-Constantan Thermo- 
of t e n  wheels,  T 
1-10 
couple 
Recorders : Pdo Honeywell Vis icorders ,  Model 2206,  14 Channel, l i g h t  
beam osc i l l o g r a p h  
F l g ~ r e  7-2. Ar t i cu l a t i on  angle l i m i t e r  
Pr ior  t o  t e s t i n g ,  brake burnishing was accomplished according t o  SAE J88G. 
The new t i r e s  i n s t a l l e d  f o r  t e s t i n g  were worn i n  during t h i s  process and on t h e  
t r i p  from HSRI t o  t he  t e s t  s i t e .  
7.3 TEST PRGCE3U;IES 
Tests conducted f o r  t he  purpgse of providing da ta  f o r  va l ida t ion  of t he  a r -  
t i c u l a t e d  vehicle  braking and handling performance s inu l a t i on  program included 
s teady-s ta te  turning,  braking-in-a- turn and high speed jackknife t e s t s .  These 
t e s t s  were run on both high and low coe f f i c i en t  sur faces ,  i n  t h e  empty and loaded 
condition, and from various speeds. A l i s t  of s i gna l s  recorded during t h e  t e s t s  
i s  given i n  Table 7-4. 
7.3.1 STEADY-STATE TLRNIN';. With t h e  vehic le  i n i t i a l l y  t r a v e l i n g  i n  a  
s t r a i g h t  l i n e  a t  t h e  spec i f ied  t e s t  speed, a  l imi ted  ramp s t e e r  angle was input  
t o  t h e  vehicle. Pr ior  t 3  t h e  t e s t ,  t h e  s t ee r ing  column block was ad jus ted  fo r  t h e  
des i red  maximum s t e e r i n g  wheel angle i n  order t h a t  t h i s  input  could be applied i n  
an open loop fashion. Constant vehicle  speed was maintained u n t i l  a  s t eady - s t a t e  
vehic le  response was obtained and recordea. 
Tests were conducted a t  a  nominal speed of 27 mph. S teer  angles y ie ld ing  
s teady-s ta te  l a t e r a l  acce lera t ions  of 25, 53, 75, and 1~4 of the  maximum value 
considered sa fe  fo r  t h e  p a r t i c u l a r  load conf igura t ion  were used. 
7.3.2 BRAKING-IN-A-TURN. 3raking-in-a-turn t e s t s  were begun i n  t h e  same 
manner a s  described f o r  t h e  s teady-s ta te  t u r n  t e s t s .  However, once the  vehicle  
obtained a  s teady-s ta te  l a t e r a l  acce lera t ion ,  a  q ~ a s i - s t e p  brake app l i ca t i on  was 
made, i n  which t h e  brake l i n e  pressure was determined by t h e  p re se t  condi t ion  
of t h e  brake pedal  stop. The s t e e r  angle was held f ixed  u n t i l  t h e  vehic le  came 
t o  r e s t  or u n t i l  t he  vehicle  was i n  danger of leav ing  t h e  t z s t  area. Tests  were 
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conducted from an i n i t i a l  v e l o c i t y  of 27 mph and w i t h  i n i t l a l  brake temperatures  
of  200" F or  l e s s .  S t e e r  ang les  and brake l i n e  p r e s s u r e s  were chosen t o  cover a 
broad range of l a t e r a l  and l o n g i t u d i n a l  d e c e l e r a t i o n s  w i t h  t h e  aim of e s t a b l i s h i n g  
performance l i m i t s  a t  which one o r  more wheels lock. 
7.3.3 HIGH SPEED JACKKNIFE TESTS. With t h e  empty v e h i c l e  i n i t i a l l y  t r a v e l i n g  
i n  a s t r a i g h t  l i n e  a t  60 mph on t h e  d r y  su r face ,  a high l e v e l  s t e p  brake app l ica -  
t i o n  was made. The l e v e l  of brake l i n e  a i r  p r e s s u r e  a t t a i n e d ,  which was determined 
by t h e  p r e s e t  p o s i t i o n  of t h e  brake peda l  s t o p ,  was high enough t o  prcduce wheel 
lock  of a t  l e a s t  a l l  four  t r a c t o r  r e a r  wheels. This  c o n d i t i o n  l e a d s  t o  t h e  t e n -  
dency f o r  t h e  v e h i c l e  t o  respond i n  a n  uns tab le ,  j ackkn i fe  mode. Wher. such r e -  
sponse was imminent, t h e  d r i v e r  was allowed t o  in t roduce  s t e e r i n g  inpu t  i n  a n  e f f o r t  
t o  avo id  jackknife ,  but t h e  l e v e l  of brake a p p l i c a t i o n  was maintained u n t i l  t h e  
v e h i c l e  came t o  r e s t .  This procedure produced two runs  r e s u l t i n g  i n  jackknife  
response.  
7.4 TI3E PA.XAIvETZilS " 3  L'ALIDA'?IGN 
Zxtensive t i r e  t e s t  d a t a ,  t aken  on t h e  HSRI f l a t  bed t e s t  machine [4] was 
a v a i l a b l e  fc;r new t i r e s  of t h e  same model a s  t h o s e  used i n  t h e  experinlental  work. 
(The t i r e  t e s t  i a t a  i s  g iven i n  Appendix G. ) It was, of course ,  necessa ry  t c  
msdify some of  t h i s  d a t a  t o  f t t  t h e  speed and s u r f a c e  c o n d i t i o n s  of  t h e  t e s t s .  
This was done i n  a s l i g h t l y  d i f f e r e n t  f ash ion  f o r  t h e  dry and t h e  wet s u r f a c e  a s  
w i l l  be shown below. 
7 .4 .1  TIRE PA:MTERS FOR TKE DRY SURFACE. The 10  x 20 F t i r e ,  which was 
used on t h e  t r a c t o r  f r o n t  a x l e  a s  w e l l  a s  t h e  t r a i l e r  a x l e s ,  has been considered 
i n  d e t a i l  i n  Sec t ions  6.4.2 and 3.2.2. 
The d r i v e  a x l e s  were equipped wi th  10  x 20 F deep l u g  t i r e s .  W i t h  FA chosen 
t o  be , 0 0 5  ( a  reasonable  value based on p a s t  exper ience i n  t h e  p i t c h  p lane  modeling),  
a few pre l iminary  s t eady  t u r n  s imula t ions  were run. Based on t h e s e  r e s u l t s ,  lo 
f o r  t h e  t r a c t o r  d r i v e  a x l e s  was chosen t o  be -85. 
7.4.2 TI.% PAiiAMETERS FOR THE WET SURFACE. The s imula t ions  of  t h e  s t r a i g h t  
t r u c k  gave s3me i n s i g h t  i n t o  t h e  1 0  x  20 F t i r e  on t h e  wet j e n n i t e .  Based Dn t h e  
exper ience gained i n  t h i s  work, FA = . O l  was aga in  used, w i t h  = .55 on t h e  f r o n t  
t r a c t x  t i r e s  and po = .65 on t h e  t r a i l e r  t i r e s .  
To choose f o r  t h e  deep l u g  t i r e s  on t h e  wet j e n n i t e  a  few pre l iminary  s teady 
t u r n  s imula t ions  were r u n  w i t h  FA s e t  t o  .01. Eased on t h e s e  runs  was chosen t o  
be .75 f o r  t h e  t r a c t s r  d r i v e  wheels.  (Such a high value i s  perhaps j u s t i f i e d  i n  
view of t h e  >pen t r e a d  p a t t e r n .  For more d e t a i l s  about t h i s  t i r e  i n c l u d i n g  photo- 
graphs,  s e e  Reference 16.) 
7 . 5  A COMPARISCN BETWEEN TEST DATA AND THE SIMULATION RUNS 
7 . 5 . 1  STEADY TURNS. Steady t u r n  d a t a  was t aken  f o r  t h e  a r t i c u l a t e d  veh ic le  
i n  t h e  empty and loaded c o n d i t i o n  on t h e  d ry  s u r f a c e  and i n  t h e  empty c o n d i t i o n  s n  
t h e  wet s u r f a c e .  The ~ e s t i n g  procedure  has been explained i n  Sec t ion  7 .3;  t h e  
parameters  necessary t o  d e s c r i b e  t h e  v e h i c l e  a r e  given i n  Appendix F. 
With t h e  i n p u t  d a t a  ob ta ined  a s  desc r ibed  above, t h e  s e r i e s  of s t eady  t u r n  
t e s t s  conducted on t h e  s t r a i g h t  t r u c k  was s imulated.  The r e s u l t s  of t h e  s imula t ion  
a r e  superimposed on t h e  exper imental  r e s u l t s  i n  F igures  7-3 through 7-5.  A com- 
p a r i s o n  of t h e  p r e d i c t e d  r e s u l t s  and t h e  numerical d a t a  i s  g iven i n  Table 7-5. 
As i n  t h e  c a s e  of t h e  s t r a i g h t  t ruck ,  c e r t a i n  d i f f e r e n c e s  between t h e  exper i -  
mental  procedure  and t h e  s imulated procedure  should be noted. The s t eady  t u r n  ex- 
pe r imenta l  r e s u l t s  were t aken  a t  a  s t e a d y  speed; whatever d r i v e  to rque  necessary 
t o  mainta in  t h a t  speed was app l ied .  I n  t h e  s imula t ion ,  on t h e  o t h e r  hand, no d r i v e  
to rque  was a p p l i e d .  Thus t h e  s imulated v e h i c l e  speed drops  dur ing  t h e  course  of 
t h e  run  a s  a  r e s u l t  of t h e  l o n g i t u d i n a l  component of t h e  s i d e  f o r c e  of t h e  s t e e r e d  
f r o n t  wheels.  Therefore,  t h e  i n i t i a l  c o n d i t i o n  of veh ic le  speed was chosen s l i g h t l y  
higher  t h a n  t h e  speed f o r  which t h e  r e s u l t s  were d e s i r e d ;  t h e  v e h i c l e  m3del would 
reach  a  quas i - s t eady  t u r n  c o n d i t i o n  i n  which it would g radua l ly  l o s e  speed. When 
t h e  speed dropped t o  t h e  t e s t  speed, t h e  s imulated yaw r a t e  and l a t e r a l  a c c e l e r a -  
t i o n  p r e d i c t i o n s  were noted.  These values  a r e  p l o t t e d  i n  F igures  7-3 through 7-3. 
Another s l i g h t  d i f f i c u l t y  i s  t h a t  t h e  t e s t  d a t a  was t aken  a t  speeds s l i g h t l y  
d i f f e r e n t  t h a n  t h e  "nominal speed" d e s i r e d  f o r  t h e  t e s t .  To f a c i l i t a t e  t h e  meaning- 
f u l  s u p e r p o s i t i o n  of s imulated and exper imental  r e s u l t s  on t h e  f i g u r e s ,  t h e  average 
speed of t h e  empi r i ca l  r e s u l t s  i s  used a s  t h e  speed a t  which t h e  d a t a  was t aken  
from t h e  s imula t ion .  The a c t u a l  speed a t  which t h e  t e s t s  were run  i s  included i n  
t h e  l i s t  of r e s u l t s  g iven i n  Table 7-5.  
It should a l s o  be noted t h a t  t h e  measured s t e e r  ang les  were used i n  t h e  simu- 
l a t i o n .  These were, a s  one might expect ,  s i g n i f i c a n t l y  d i f f e r e n t  from s i d e  t o  
s i d e .  (S ince  a l l  t h e  e m p i r i c a l  r e s u l t s  and s imula t ion  runs  were r i g h t  t u r n s ,  t h e  
r i g h t  s t e e r  ang le  was always l a r g e r  t h a n  t h e  l e f t . )  For t h e  purposes 3f F igures  
7 - 1  through 7-3, average s t e e r  ang les  were p l o t t e d .  The measured s t e e r  ang les  a r e  
given i n  Table 7-5 .  
The measured r e s u l t s  and t h e  p r e d i c t e d  r e s u l t s  a r e  i n  very c l o s e  agreement 
f o r  t h e  empty t r a i l e r  runs ,  bu t  i n  t h e  case  of  t h e  loaded v e h i c l e ,  a  marked d i f -  
f e rence  i s  apparent  between t h e  exper imental  and s imulated r e s u l t s ,  s i n c e  even a t  
low l a t e r a l  a c c e l e r a t i o n s  t h e  s imula t ion  p r e d i c t s  h igher  l a t e r a l  a c c e l e r a t i o n  t h a n  
t h e  measured va lues .  The reasons  f o r  t h i s  d i f f e r e n c e  a r e  n o t  c l e a r ;  t h e  exper i -  
mental  d a t a  seems smooth and q u i t e  r e p e a t a b l e ,  y e t  t h e  s imula t ion  has proven q u i t e  
a c c u r a t e ,  e s p e c i a l l y  f o r  low l a t e r a l  a c c e l e r a t i o n s .  ( A  s i m p l i f i e d  p u r e l y  a n a l y t i c a l  
a n a l y s i s  based on t h e  work of  J i n d r a  [17]  v e r i f i e s  t h e  r e s u l t  of t h e  s i m u l a t i o n . )  
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r measured Y 
( f t / s e c 2 )  
(deg)  (deg)  ( f t / s e c )  measured simulated - - 
( a )  Empty, dry  sur face  
Simulation speed: 40.0 f t / s e c  
( b )  Empty, wet surface 
Simulation speed: 40.0 f t / s e c  
( c )  Loaded, dry surface 
Simulation speed: 39.0 f t / s e c  
measured simulated 
Simple explaca+, ions  such a s  geometr ic  e r r o r s  i n  t h e  d e s c r i p t i o n  of t h e  v e h i c l e  3r 
e r r z r s  ir! t h e  t i r e  d e s c r i p t i o n  seem a t  t h i s  s t a g e  un tenab le ,  but  it i s  s t i l l  ex- 
pec ted  t h a t ,  through t h e  c m r s e  of f u t u r e  use  of  t h e  s i m u l a t i o n  and f u r t h e r  espmeri- 
mec ta l  work, t h e  reasons  f o r  t h i s  d i sc repancy  w i l l  become apparen t .  
7.5.2 33AKING-IN-A-TURN. The exper imental  procedure  f o r  t h e  b rak ing- in -a -  
t u r n  t e s t s  has been exp la ined  i n  Sec t ion  7 .3 .2 .  Some r e s u l t s  from t h e s e  t e s t s  s r e  
p l o t t e d  i n  F igures  7-6 and 7-7. I n  t h e s e  f i g u r e s ,  s t e a d y - s t a t e  l a t e r a l  a c c e l e r a -  
t i o n  b e f o r e  t h e  a p p l i c a t i o n  of t h e  brakes  i s  p l o t t e d  vs .  maximum l o n g i t u d i n a l  de- 
c e l e r a t i o n  a f t e r  t h e  a p p l i c a t i o n  of  t h e  b rakes .  The inc idence  of wheel l ~ c k u p  may 
be i n f e r r e a  from t h e  manner of p l o t t i n g  of t h e  poin;. It should be noted t h a t  t h e  
p r o p e r t i e s  of t h e  t i r e - r o a d  i n t e r f a c e  nay be expected t o  be q u i t e  s imi la , r  a t  t h e  
nominal t e s t  speeds of 25 and 30 mph, t h u s ,  bo th  25 and 30 mph d a t a  i s  included i n  
F igures  '7-6 and 7-7. 
I n  t h e  s i m u l a t i o n  runs ,  t h e  measured s t e e r  and brake p r e s s u r e  d a t a  from t h e  
b rak ing- in -a - tu rn  t e s t s  was no t  used; r a t h e r ,  t h e  s i m u l a t i o n  was used t o  p r e d i c t  
t h e  maximum l o n g i t u d i n a l  d e c e l e r a t i o n  p o s s i b l e  wi thou t  wheel lockup when s t a r t i n g  
from a  s t e a d y  t u r n .  Thus, f o r  p o i n t s  i n  t h e  a r e a  of t h e  f i g u r e s  above t h e  s imula-  
t i o n  l i n e ,  t h e  s i m u l a t i o n  w i l l  p r e d i c t  wheel lockup, and i n  t h e  a r e a  below t h e  simu- 
l a t i o n  l i n e ,  t h e  s i m u l a t i o n  w i l l  p r e d i c t  t h a t  no wheels w i l l  l c c k .  The s imulated 
r e s u l t s  s p l i t  t h e  e m p i r i c a l  d a t a  q u i t e  a c c u r a t e l y ;  w i t h  few excep t ions ,  t h e  lacked 
wheel e m p i r i c a l  r e s u l t s  f a l l  above t h e  s i m u l a t i o n  l i n e  and t h e  unlocked r e s u l t s  
below t h e  s i m u l a t i o n  l i n e .  I n  t h e  next  s e c t i o n ,  i n  which a  s i n g l e  braking- in-a-  
t u r n  run  i s  cons ide red  i n  d e t a i l ,  f u r t h e r  evidence i s  g iven  of t h e  r e l i a b i l i t y  of 
t h e  a r t i c u l a t e d  v e h i c l e  s imula t ion .  
7.5.3 DETAILED SIblULATED AND EWIRICAL RESULTS OF A BRAKING-IN-A-'?URN IJAFffiU- 
VER. Time h i s t o r i e s  of t h e  important  dynamic v a r i a b l e s  d e s c r i b i n g  a  b rak ing- i r , - a -  
t u r n  maneuver a r e  g iven  i n  F igure  7-8a and 7-eb. I n  t h i s  manexver, a  l e f t  t u r n  
w i t h  brakes  a p p l i e d  a t  t ime t = 2.15 seconds,  p o i n t s  t a k e n  e i r e c t l y  frorn t h e  s t . r i p  
c h a r t  d a t a  on b a a r i  t h e  a r t i c u l a t e d  v e h i c l e  were en te red  i n  t h e  s i n u l a t i o n  f o r  (1) 
t h e  s t e e r  ang le  ( r i g h t  s i d e  s t e a d y - s t a t e  b.73, l e f t  s i d e  s t e a e y - s t a t e  4 . 4 7 )  an5 
( 2 )  t h e  a p p l i e d  brake p r e s s u r e  a t  t h e  f o o t  valve.  L a t e r a l  a c c e l e r a t i o n  A, , l o n g i -  J 
t u d i n a l  a c c e l e r a t i o n  A,, yaw r a t e  J i ,  and t h e  a r t i c u l a t i o n  ang le  7 a r e  p l o t t e d  vs .  
t ime,  and t h e  s i m u l a t e s  t r a j e c t o r y  i s  g iven .  P red ic ted  and rceasured inc idence  s f  
wheel lockup a r e  shown oc t h e  r i g h t  s i d e  of t h e  l e a d  t r a i l e r  tandem a x l e .  I n  t h i s  
case ,  a s  i n  t h e  m a j o r i t y  3f t h e  a r t i c u l a t e d  veh ic le  runs ,  t h e  correspondence be- 
tween e m p i r i c a l  r e s u l t s  and t h e  p r e d i c t e d  r e s u l t s  i s  remarkably good. 
7.5.4 DETAILED FLESULTS FOi! ,HIGH SPEED JACKKNIFE ESTS.  Time h i s t : , r i e s  of' 
t h e  important  dynamic v a r i a b l e s  d e s c r i b i n g  a  high speed j ackkn i fe  t e s t  a r e  g iven  
i n  F igures  7-9a and 7-9b. I n  t h i s  maneuver, which s t a r t s  w i t h  a n  i ~ i t i a l  o n g i t u -  
d i n a l  v e l o c i t y  of 6~ mph, a s t e p  i n p u t  i s  a p p l i e s  a t  t h e  f o o t  valve,  causir.g l i n e  
p r e s s u r e  t o  r i s e  a h c s t  immediately t o  28 p s i .  This was s u f f i c i e n t  t o  lock a l l  
t h e  t r a c t o r  and t r a i l e r  wheels ir! t h e  t e s t ;  t h i s  r e s u l t  was a l s o  p r e d i c t e d  by t h e  
s i m u l a t i o n .  The e m p i r i c a l  and s imulated r e s u l t s  p r l c r  t o  impact w i t h  t.ne a r t i c u -  
l a t i o n  ang le  l i m i t e r  a r e  g iven  i n  F igures  7-9a and 7-5b. I t  sholild be noted t h a t ,  
a l though  t h e  d r i v e r  t r i ec i  t o  rnaintain s t a b i l i t y  through t h e  a p p l i c a t i c n  3f t h e  
s t e e r i n g  maneuver shown i n  t h e  f i g u r e ,  t h a t  s imulated s t e e r  angle  was h1.13 t o  ze r9 .  
The f a c t  t h a t  t h e  d r i v e r  s t e e r  c o r r e c t i o n  was l a r g e l y  i n e f f e c t i v e  can  be i n f e r r e d  
by t h e  r e l a t i v e l y  c l o s e  agreement between t h e  s imula t ion  anc! t h e  empi r i -a1  r e s u l t .  
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Figure  7-7. Braking-in-a- turn;  dry,  loaded 
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Slgure 7-8a. Time n i s t o r y  o f  a  braking-ln-a-tl irn maneuver 
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Figure 7-8b. Time history of a braking-in-a-turn maneuver 
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Figure 7-93. Time nistory of a jackknife maneuver 
The primary 3 b j e c t i v e  of t h e  Phase I1 ssudy was t 3  develop a  s imula t io r ,  pro-  
gram f 3 r  p r e d i c t i n g  t h e  s t e e r i n g  and combined s t e e r i n g  and b rak ing  performance 3f 
t r u c k s  and t r a c t o r - t r a i l e r s .  This o b j e c t i v e  has been f u l f i l l e d .  The ~ * e s u l t s  from 
t h e  s i m u l a t i ~ n  corrpare favorab ly  w i t h  t h e  d a t a  from v e h i c l e  t e s t s .  
The problem 3f developing a  s imula t ion  t o o l  f o r  p r e d i c t i n g  t h e  d i r e c t i o n a l  
response of  a n  a r t i c u l a t e d  veh ic le  i s  a n  immense, complex undertaking. To complete 
t h i s  under taking,  it was necessary t o  begin w i t h  t h e  p i t c h  p lane  model d e v e l o ~ ~ e d  
i n  Phase I [ l ] ,  and perform t h e  fo l lowing  a a d i t i o n a l  t a s k s :  
( 1 )  S e l e c t  a p p r o p r i a t e  a x i s  systems and w r i t e  equa t ions  descr ibi r lg  t h e  ve- 
h i c l e  motion i n  terms of dynamic v a r i a b l e s  de f ined  r e l a t i v e  t s  these  a x i s  
systems. 
( 2 )  Program and r e f i n e  a  semi-empir ical  mathematical model f o r  r e p r e s e n t i n g  
neasured t i r e  shear  f o r c e  c h a r a c t e r i s t i c s ,  and, i n  a d d i t i o n ,  c3ns ide r  
a l i g n i n g  to rque  and s p e c i a l  e f f e c t s  due t o  d u a l  t i r e s .  
( 3 )  Develop t echn iques  f o r  c3mputing f o r c e s  and moments of c o n s t r a i n t  between 
sprung and unsprung masses.  
(4: Model t h e  f i f t h  wheel coup l ing  between t r a c t o r  and t r a i l e r .  
( 5 )  Include d e f l e c t i o n  and compliance s t e e r  c h a r a c t e r i s t i c s  a s  w e l l  a s  s i d e -  
t o - s i d e  d i f f e r e n c e s  i n  s t e e r  ang le .  
(6) Develop, r e f i n e ,  and use equipment and t echn iques  f o r  measuring v e h i c l e  
i n e r t i a l  p r o p e r t i e s ,  a x l e  r o l l  s t e e r ,  f i f t h  wheel r o l l  s p r i n g  r a t e ,  and 
t i r e  shear  f o r c e  c h a r a c t e r i s t i c s .  
( 7 )  Perform f u l l  s c a l e  veh ic le  t e s t s  c o n s i s t i n g  of s t eady  t u r n s ,  b rak ing- in -  
a - t u r n  maneuvers, and jackknife  maneuvers. 
(8) Simulate t h e  maneuvers l i s t e d  i n  ( 7 )  and compare t h e  p r e d i c t e d  r e s u l t s  
w i t h  measured r e s u l t s  t o  v e r i f y  t h e  v a l i d i t y  of t h e  s imula t ions ,  
A d e t a i l e d  t e c h n i c a l  d i s c u s s i o n  of t h e  work done on t h e s e  e i g h t  t a s k s  has been p r e -  
sen ted  i n  t h i s  r epor t .  
The braking and handl ing program has been w r i t t e n  t o  be e f f i c i e n t  and easy t:, 
use. Never theless ,  c a l c u l a t i ~ n  of a r t i c u l a t e d  v e h i c l e  response t 3  brak:ing and 
s t e e r i n g  i n p u t s  i s ,  n e c e s s a r i l y ,  a  very complex problem Consequently, t h e  u s e r s  
of t h i s  program must h o w  a  g r e a t  d e a l  about t h e  components of t h e  veh ic le  ( o r  
p r o j e c t e d  v e h i c l e )  t o  be a b l e  t o  supply t h e  needed paramet r i c  data .  I n  a d d i t i o n ,  
s i n c e  almost any conceivable  open loop s t e e r i n g  and braking maneuver can  be simu- 
l a t e d ,  t h e  u s e r  w i l l  be forced t o  c a r e f u l l y  cons ide r  which combinations of s t e e r i n g  
and b rak ing  i n p u t s  w i l l  g ive  him t h e  most u s e f u l  information. While computer c o s t s  
may run  a s  high a s  $7.00/second s imulated t ime,* it seems c l e a r  t h a t ,  w i t h  a ju- 
d i c i o u s  cho ice  of s imulated maneuvers, t h e  s imula t ions  may be used i n  a  very c o s t  
e f f e c t i v e  manner t o  a i d  i n  t h e  s o l u t i o n  of  veh ic le  des ign  problems. 
*For t h e  f i v e  a x l e  a r t i c u l a t e d  v e h i c l e ,  t h i s  f i g u r e  r e l a t e d  t o  t h e  MTS system ( s e e  
S e c t i o n  4). The c o s t s  w i l l  vary f o r  o t h e r  systems. 
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The fo l lowing  l i s t  inc ludes  i n p u t  parameters t o  t h e  Drogram, t h e  parameters 
which a r e  computed i n  t h e  program, and t h e  v a r i a b l e s  of motion. The dimensions 3f 
t h e  inpu t  parameters a r e  i n  [ inch ,  pound, second].  These a r e  conver ted t o  t h e  
[ s lug ,  f o o t ,  second]  systev. immediately a f t e r  they a r e  read i n t o  t h e  progrem by sub- 
r ~ ~ t i n e  INPUT. Thus, t h e  equa t ions  of m o t i m  and a l l  t h e  a u x i l i a r y  computations 
i n  subrou t ine  F'CT1 a r e  w r i t t e n  i n  terms 3f v a r i a b l e s  i n  t h e  [ s lug ,  f o o t ,  second] 
sys tem. 
To avoid c w f u s i o n ,  parameters which a r e  read i n  a r e  l a b e l l e d  w i t h  an ( R ) ,  
pararr.etee which a r e  c a l c u l a t e d  r a t h e r  t h a n  i n p u t  a r e  l a b e l l e d  w i t h  a  ( c ) ,  and t h e  
v a r i a b l e s  of motion a r e  l a b e l l e d  w i t h  a  ( v )  . 
For  t h e  walking beam; s t r a i g h t  t r u c k  o r  t r a c t o r . . .  
P.A 1 h o r i z o n t a l  d i s t a n c e  from walking beam p i n  t o  f r o n t  tandem a x l e  
( i n . )  ( R )  
PA2 h o r i z o n t a l  d i s t a n c e  from walking beam p i n  t o  r e a r  tandem a x l e  
( i r - . )  ( R )  
AP.3 h o r i z o n t a l  d i s t a n c e  from walking beam p i n  t o  walking bear. mass 
c e n t e r  ( f t . )  ( c )  
A A ~  v e r t i c a l  d i s t a n c e  from a x l e  t o  walking beam ( i n . )  ( R )  
AA 5 v e r t i c a l  d i s t a n c e  from a x l e  t o  torque rod ( i n . )  ( R )  
A A ~  h o r i z o n t a l  d i s t a n c e  from f r o n t  tandem a x l e  t o  walking beam mass 
c e n t e r  i f t , )  ( c )  
AA7 h o r i z o n t a l  d i s t a n c e  from r e a r  tandem a x l e  t o  walking beam mass 
c e n t e r  j f t . )  I c )  
For t h e  4 s p i n g  suspension;  s t r a i g h t  t r u c k  o r  t r a c t o r . .  . 
A A 1  h o r i z o n t a l  d i s t a n c e  from f r o n t  leaf-f rame c o n t a c t  t o  a x l e  c e n t e r  
' i n , )  ( R )  
AA2 h o r i z o n t a l  d i s t a n c e  from r e a r  leaf-f rame c o n t a c t  t o  a x l e  c e n t e r  
( i n . )  ( R )  
A A ~  h o r i z o n t a l  d i s t a n c e  from f r o n t  l e a f  c o n t a c t  t o  load  l e v e l e r  "pin" 
( i n . )  ( R )  
AA 5 h o r i z o n t a l  d i s t a n c e  from r e a r  l e a f  c o n t a c t  t o  load  l e v e l e r  "pin" 
( i n . )  ( R I  
A A ~  v e r t i c a l  d i s t a n c e  from a x l e  down t o  torque rod ( i n . )  ( R )  
AA7 angle  between torque rod and h o r i z o n t a l  ideg.)  ( R )  
A A 8  h o r i z o n t a l  d i s t a n c e  from a x l e  c e n t e r  forward t o  to rque  rod [ i n . )  
(R)  
ARM- pe rpend icu la r  d i s t n a c e  from l i n e  of a c t i o n  of TR2 ( T R ~ )  t o  f o r -  
ward ( r e a r )  tandem a x l e  c e n t e r  ( f t . )  ( c )  
ARM2 h o r i z o n t a l  d i s t a n c e  from sprung mass c.g. t o  forward tandem ax le  
c e n t e r  ( f t . )  ( c )  
ARY3 h o r i z o n t a l  d i s t a n c e  from sprung mass c.g. t o  r e a r  tendem a x l e  
c e n t e r  ( f t . )  ( c )  
For  walking beam; t r a i l e r . . .  
AA9 h o r i z o ~ t a l  d i s t a n c e  from walking beam p i n  t o  f r o n t  tanderr, e x l e  
( i n . )  ( R )  
A A l O  h o r i z o n t a l  d i s t a n c e  from walking beam p in  t o  r e a r  tandem ax le  
( i n . )  ( R )  
) . A 1 1  h o r i z o n t a l  d i s t a n c e  from walking beam p in  t o  walking beam mass 
mass c e n t e r  ( f t . )  ( c )  
A A 1 3  v e r t i c a l  d i s tance  from axle  t o  torque rods ( i n , )  ! R )  
AA14 hor izonta l  d i s tance  from f r o n t  tandem axle  t o  walking beam mass 
cen t e r  j f t . )  ( c )  
AA15 ho r i zon ta l  d i s tance  from r e a r  tandem axle  t o  walking beam mass 
cen t e r  ( f t . )  ( c )  
For t he  4 spr ing  suspension; t r a i l e r . .  . 
AA9 hor izonta l  d i s tance  from f r o n t  lear-frame contact  t o  axle center  
( i n . )  ( R )  
A A l O  hor izonta l  d i s tance  from r e a r  leaf-frame contac t  t o  axle center  
( i n . )  (RI 
AA12 hor izonta l  d i s tance  from f r o n t  l e a f  contact  t o  load l eve l e r  "pin" 
( i n . )  ( R )  
AA13 v e r t i c a l  d i s tance  from r e a r  leaf  contact  20 load l eve l e r  "pin" 
( i n . )  ( R )  
~ ~ 1 4  v e r t i c a l  d i s tance  from axle  down t o  t ~ r q u e  rod ( i n . )  , 1 1 1  
AA15 angle between torque rod and hor izonta l  (deg . )  ( R )  
~ ~ 1 6  ho r i zon ta l  d i s tance  from axle  center  forward t o  torque rod ( i r ;  .? 
( R\ 
 ARM^ perpendicular d i s tance  from l i n e  of ac t i on  of T R ~  ( ~ ~ 5 ' 1  t o  fo r -  
ward ( r e a r ?  tandem axle  center  ( f t .  ) ( c )  
ARM5 hor izonta l  d i s tance  from sprung mass c.g. t o  forward tandem axle 
center  ( f t . )  ( c )  
 ARM^ hor izonta l  d i s tance  from sprung mass c.g. t o  r e a r  tandem axle 
center  ift.) ( c )  
For a l l  vehic les , .  . 
A t ransformation matrix from t ruck  j t r a c t o r )  i n e r t i a  ax i s  t o  body 
ax i s  'c) 
A 1  hor izonta l  d i s tance  from t ruck  ( t r a c t o r )  C G  t o  center  of trucx 
( t r a c t o r )  f r o n t  suspension ( i n . )  ( R )  
A2 hor izonta l  d i s tance  from t r u c ~  ( t r a c t o r )  C G  t o  center  of truck 
( t r a c t o r )  r e a r  suspension ( in . )  (R) 
A3 nor izonta l  d i s tance  from t r a i l e r  C G  t o  5th wheel / i n . )  ( 3 )  
~4 nor izonta l  d i s tance  from t r a i l e r  CG t o  center  of t r a i l e r  sus- 
pension ( i n . )  ( R )  
ALPHA1 s t a t i c  d i s tance ,  t ruck ( t r a c t o r )  f r o n t  ax le  t o  ground ( i n . )  (F) 
ALPHA2 s t a t i c  d i s tance ,  t ruck  ( t r a c t o r )  r e a r  axle(  s )  t o  grouna f i n .  1 (R) 
ALPHA3 s t a t i c  d i s tance ,  t r a i l e r  a x l e ( s )  t o  ground ( i n . )  ( R )  
AT :ransformation matrix from t r a i l e r  i n e r t i a  ax i s  t o  body ax is  ( c )  
BB hor izonta l  d i s tance  from 5th wheel t o  midpoint of t r a c t o r  rear  
suspension ( i n .  (R) 
BZ transformation matrix from t ruck  ( t r a c t o r )  unsprung ax1.s t o  body 
ax i s  (c) 
BZT transformation matrix from t r a i l e r  unsprung ax i s  t o  body ax i s  ( c )  
C 1  viscous damping: jounce on t ruck  ( t r a c t o r )  f r o n t  susperision 
(1b.-sec. / in .)  ( R )  
C 2 viscous damping. rebound on t ruck  ( t r a c t o r )  f r o n t  suspensiori 
( 1b . - s ec . / i n . )  I R )  
C f, viscous damping: jounce on t ruck  ' t r a c t o r )  r e a r  suspension 
(1b . -sec . / in . )  I R ~  
c 4 viscous damping: rebound on t ruck  ( t r a c t o r )  r e a r  susperlsion 
jib,-sec. / i n . )  ( R )  
C 3 viscous damping: jounce 3n t r a i l e r  suspension ( l b .  -sec . / i n .  ) f R )  
c 6 viscous damping: rebound on t r a i l e r  suspension (1b.-sec. / in .)  ( R )  
CALF' I,  JI) l a t e r a l  s t i f f n e s s ,  t i r e s  a t  wheel I, JI f l b s  ./deg.) ( R )  
CF1 maximum coulomb f r i c t i o n ,  t ruck  ( t r a c t o r )  f r o n t  suspension i l b . )  
i R )  
CF2 maximum coulomb f r i c t i o n ,  t r uck  f t r a c t o r )  r e a r  suspension ( l b , )  
~ R I  
CF3 maximum coulorb f r i c t i o n ,  t r a i l e r  suspension ' l b .  ) ( R I  
C F P ~ ( I )  c u r v e f i t p a r a m e t e r T J o .  1, a x l e I ( R )  
C F P ~ ( I )  curve f i t  parameter No. 2, axle  I f deg.) (R) 
CS( I ,JI) long i tud ina l  s t i f f n e s s ,  wheel I,JI ( l b s . )  ( R )  
cT( 1) t i r e - road  in t e r f ace  v e r t i c a l  damping, ax le  I (1b.-sec. / f t .  C )  
D v e r t i c a l  d i s tance  frotn 5th wheel t o  t r a c t o r  C G  ' in . )  ( R )  
D l  v e r t i c a l  d i s tance  from 5th wheel t o  t r a i l e r  C G  ' i n . )  ( R )  
DEL1-DEL3 coulomb f r i c t i o n  "break poin ts"  ( f t  . /sec. ) i C )  
DELTA r e l a t i v e  displacement a t  the  5th wheel ( i n . )  ( c )  
DELTA1 s t a t i c  v e r t i c a l  d i s tance ,  t ruck  ( t r a c t o r )  C G  t o  t ruck  ( t r a c t o r )  
f r o n t  ax le  ( i n . )  ( R )  
DELTA2 s t a t i c  v e r t i c a l  d i s tance ,  t r uck  ( t r a c t o r )  C G  t o  t ruck  ( t r a c t o r )  
r e a r  a x l e ( s )  ( f t . )  ( c )  
DELTA3 s t a t i c  v e r t i c a l  d i s tance ,  t r a i l e r  C G  t o  t r a i l e r  r e a r  a x l e ( s )  
( i n . )  ( R )  
D T 2  d i s tance  between dual  t i r e s ,  t r uck  ( t r a c t o r )  r e a r  suspension 
( i n . )  ( R )  
D T 3  d i s tance  between dual  t i r e s ,  t r a i l e r  suspension ( i n . )  ( R )  
FA( 1) t i r e l r o a d  f r i c t i o n  reduct ion parameter, ax le  I ( s ec . / f t . )  ( R )  
G 1  g r a v i t y  x  component (R) 
G2 g rav i ty  y  component ( R )  
G3 g r s v i t y  z component i C )  
GAMMA a r t i c u l a t i o n  angle (deg. ) ( c )  
IXX truck  ( t r a c t o r )  sprung mass r o l l  mom.ent of i n e r t i a  ( in.-1b.-sec. 
**2) (R) 
I W  t ruck  ( t r a c t o r )  sprung mass p i t ch  moment of i n e r t i a  ( in .-1b.-sec.  
**2) ( R )  
I Z Z  t r uck  t r a c t o r )  yaw moment of i n e r t i a  (in.-1b.-sec.**2) ( R )  
I X Z  t ruck  ( t r a c t o r )  p i t ch  plane c ross  moxent (in.-1b.-sec.+*2) ( R )  
ITXX t r a i l e r  sprung mass r o l l  moment of i n e r t i a  ( in .- lb.  -see.  **2) ( R )  
ITYY t r a i l e r  sprung mass p i t ch  rcoment of i n e r t i a  ( in,-1b.-sec .**2) ( R )  
I T Z Z  t r a i l e r  yaw moment of i n e r t i a  f in.-1b.-sec, **2) ( R )  
I T X Z  t r a i l e r  p i t ch  plane cross  troment ( in.-1b.-sec.**2) f R )  
F/J IND wind key; 0 implies no wind, 1 implies a  wind ( R )  
J A  1 r o l l  moment of t ruck  j t r a c t o r )  f r o n t  ax le  ( in.-lb,-sec.+*2) (F) 
JA2 r o l l  moment of t ruck  ( t r a c t o r )  r e a r  a x l e i s )  (in.-1b.-sec.+*2) (R) 
JA3 r o l l  moment of t r a i l e r  ax le(  s  ( in.-1b.-sec .**2) (R) 
JS( 1) polar  moment of i r , e r t i a ,  wheels a t  ax le  I f in.-1b.-sec,+*2) f R )  
K 1  spr ing  r a t e ,  t r uck  ( t r a c t o r )  f r o n t  suspension (lb.1i.n.) (R! 
K2 spr ing  r a t e ,  t ruck  ( t r a c t o r )  r e a r  suspension ( l b . / i n .  ) ( R )  
K 3 spr ing  r a t e ,  t r a i l e r  suspension ( l b . / i n . )  ( R )  
KAX LE number of ax les  on vehic le  ( C )  
KEY t r uck  ax le  key 0 f o r  s ing l e  ax le  
KEEY(1) t r a c t o r  axle key 1 f o r  walking beam 
KEY( 2)  t r a i l e r  ax le  key 2 f o r  fou r  spr ing  suspension 
KRO AD road ~ e y  I R )  
KT( 1 )  s p r i n g  r a t e  of t i r e s ,  a x l e  I j l u i n , )  ( R )  
bxl sprung mass of t r u c k  ( t r a c t o r )  ( s l u g s )  ( c )  
M2 sprung mass of t r a i l e r  ( s l u g s )  ( c )  
E( I )  mass of suspens ion  a x l e  and wheel, a x l e  I ( s l u g s )  ( c )  
MC 5 moment a c r o s s  the  5 t h  wheel ( in . - lbs  . /deg.)  ( R )  
~ ~ Z E R C ( I )  c o e f f i c i e n t  of f r i c t i o n ,  t i r e s ,  a x l e  I ( c )  
VZ a l i g n i n g  to rque  ( i n . - l b s . )  ( c )  
NS( I )  t o t a l  s t a t i c  load on t i r e s ,  a x l e  I l b s . )  ( c )  
oEZEGAD( I, JI) wheel a n g u l a r  a c c e l e r a t i o n  ( rad . / sec .  *)  ( v )  
P  r o t a t i o n  r a t e  about  "body x"  a x i s  j r a d . / s e c .  ) (c) 
P1 t r u c k  ( t r a c t o r )  walking beam i n t e r a x l e  load  t r a n s f e r  parameter 
( c )  
PEFCNT p e r c e n t  e f f e c t i v e n e s s  of t r u c k  to rque  rods  ( R )  
PERCNT(1) p e r c e n t  e f f e c t i v e n e s s  of t r a c t o r  torque rods  ( R )  
PERCNT( 2) pe rcen t  e f f e c t i v e n e s s  of t r a i l e r  to rque  rods  j R )  
PIN 5 t h  wheel s p r i n g  r a t e  ( c )  
PINX f o r c e  on t h e  t r a c t o r  from t h e  5 th  wheel i n  t h e  Y 1  d i r e c t i o n  ; c )  
PINY f o r c e  on t n e  t r a c t o r  from t h e  5 t h  wheel i n  t h e  Y 1  d i r e c t i o n  ( c )  
PINZ f o r c e  cn t h e  t r a c t o r  from t h e  5 t h  wheel i n  t h e  Z 1  d i r e c t i o n  ' c )  
PJ1 r o l l  moment of i n e r t i a  of payload (in.-1b.-sec.**2\ f R )  
P J 2  p i t c h  moment of i n e r t l a  of payload (in.-1b.-sec.**2) ( R )  
P  J3 yaw r.oment of i n e r t i a  of payload ( in.-1b.-sec.**2) ' R )  
PX h o r i z o n t a l  d i s t a n c e  from midpoint of t r u c k  r e a r  ( t r a i l e r )  SUS- 
pension t o  payload mass c e n t e r  ( i n . )  ( R )  
1W weight of payload ( l b . )  ( R )  
PZ v e r t i c a l  d i s t a n c e  from ground t o  payload rr.ass c e n t e r  ' i n . )  ( 8) 
Q r o t a t i o n  r a t e  about  "body y"  a x i s  r ad .  / sec .  ) / C )  
R r o t a t i o n  r a t e  about "body z "  a x i s  f r ad .  l s e c .  ) ( C )  
RCHl r o l l  c e n t e r  h e i g h t ,  s ruck  ( t r a c t o r )  f r o n t  suspension / i n .  ) ( 3) 
RCH2 r o l l  c e n t e r  h e i g h t ,  t r u c k  ( t r a c t o r )  r e a r  suspension ( i n .  ) ( R )  
RCH3 r o l l  c e n t e r  h e i g h t ,  t r a i l e r  suspension ( i n . )  ( R )  
ROADZ( I )  v e r t i c a l  coord ina te  of road,  a x l e  I.. .up i s  p o s i t i v e  ( i n . )  R )  
RR(I,JI) r o l l i n g  r a d i u s ,  t i r e s  on wheel 1,JI ( f t  . )  (c) 
RS1 compliance s t e e r  (deg . / in . )  I R )  
KC1 r o l l  s t e e r  c o e f f i c i e n t ,  t r u c k  ( t r a c t o r )  f r o n t  suspension ( R )  
RSC2 r o l i  s t e e r  c o e f f i c i e n t ,  t r u c ~  ( t r a c t o r )  r e a r  suspension ( R )  
RS C 3  r o l l  s t e e r  c o e f f i c i e n t ,  t r a i l e r  suspension ( R )  
S ( I , J I )  ex tens ion  of suspecs ion  a t  wheel 1,JI ( f t , )  I c )  
SD v e l o c i t y  of suspecs ion  ex tens ion  ( f t . / s e c . )  ( c )  
SF(I,JI)  :,otal load minus s t a 5 i c  load i n  t h e  suspension,  a x l e  I ( t e n s i o n  
i s  p o s i t i v e )  ( l b s . )  ( v )  
SLIP( I , J I )  wheel s l i p ,  wheel 1,JI ( v )  
SPY( 1) l a t e r a l  c o n s t r a i n t  f o r c e  a t  a x l e  I ( c )  
SY1 h o r i z o c t a l  d i s t a n c e  from t r u c k  ( t r a c t o r )  body x -ax i s  t o  t r u c k  
i t r a c t o r )  f r o n t  suspension ( i n . )  ' R )  
SY2 h o r i z o r t a l  d i s t a n c e  from t r u c k  ( t r a c t o r )  body x -ax i s  t c  t r u c k  
( t r a c t o r )  r e a r  suspension ( in . )  (R) 
SYJ h o r i z o n t a l  d i s t a n c e  from t r a i l e r  body x -ax i s  t o  t r a i l e r  sus -  
pension ( i r A , )  I R )  




T&( I , J I , ~ )  
















WS( I )  
maximum r e a l  time f o r  s i m u l a t i m  ( s e c . )  (F) 
c o n t a c t  f o r c e  between t r a c t o r  l e a f  s p r i n g s  and f r a v e  ( l b )  ( v )  
t r a i l e r  walking beam i n t e r a x l e  load t r a n s f e r  parameter  ( c )  
l i n e  p r e s s u r e  t ime l a g ,  wheel I, JI i  s e c . )  ' R )  
l i n e  p r e s s u r e  r i s e  t ime c h a r a c t e r i s t i c ,  t i , teel  I,JI ( s e e . )  ( R )  
h a l f  t r a c k ,  t r u c k  ( t r a c t o r )  f r o n t  a x l e  ( i n . )  
h a l f  t r a c k ,  t r u c k  f t r a c t o r )  r e a r  a x l e i s )  ( i n . )  
h a l f  t r a c k ,  t r a i l e r  a x l e j s )  ( i n . )  
e x i t  key (R): TRUCK = 1.0,  ano ther  d a t a  s e t  fo l lows  
T R U X  = 0.0, c a l l  e x i t  
t e n s i l e  f o r c e s  i n  to rque  rods  a t  a p p r o p r i a t e  a x l e  ( l b . )  ( c )  
a c t u a l  brake to rque ,  wheel 1,JI j f t . l b s . )  ( v )  
c o n t a c t  f o r c e s  between t r a i l e r  l e a f  s p r i n g  and frarr.e ( l b . )  ( v )  
l o n g i t u d i n a l  a c c e l e r a t i o n  of t r a i l e r  a x l e  I i  f t  . / sec  .**2) ( V )  
l a t e r a l  a c c e l e r a t i o n  of t r a i l e r  a x l e  I ( f t  . / sec .  **2) ( v )  
s t a t i c  load on t r a i l e r  walking bear p i n  ( l b .  ) ( c )  
speed irA t h e  "body x" d i r e c t i o n  ( f t . / s e c . )  ( c )  
speed i n  t h e  "body Y" d i r e c t i o n  ( f t . / s e c . )  ( c )  
i n i t i a l  v e l o c i t y  i f t , / s e c . )  ( R )  
speed i n  t h e  "body z "  d i r e c t i o n  ( f t . / s e c , )  ( c )  
sprung weight of t r u c k  ( t r a c t o r )  ( l b . )  ' R )  
sprung weight  of t r a t l e r  ( l b . )  { R )  
f o r c e  of wind a p p l i e d  t o  mass c e n t e r  (c) 
moment of wind about  an a x i s  through t h e  mass c e n t e r  ( C )  
weight of suspension,  a x l e ,  and wheel; a x l e  I ( l b . )  (R) 
1ongLtudinal  a c c e l e r a t i o n  of t r u c k  ( t r a c t o r )  a x l e  ( I )  
( f t . / sec .**2)  (v) 
l o n g i t u d i n a l  v e l o c i t y  of wheel I,JI / f t . / s e c . )  ( v )  
body x  coord ina te  of suspension 1,JI ' f t . )  ( c )  
body x  coord ina te  of c e n t e r  of a x i s  I ( f t . )  ( c )  
s t a t i c  load on t r a c t o r  walking bear. p i n  ( l b . )  ( c )  
l a t e r a l  a c c e l e r a t i o n  of t r u c k  i t r a c t o r )  a x l e  I ( f  t . / sec  .**2) ( V )  
body y coord ina te  of suspensLon 1,JI f f t , )  { C )  
t i r e  p o s i t i o n ,  wheel I , T I  ( f t . )  i v )  
t i r e  v e l o c i t y ,  wheel 1,JI ( f t . / s e c . )  ( v )  
body y coord ina te  of c e n t e r  of wheel 1,JI ( f t . )  ( c )  
s t a t i c  suspens ion  d e f l e c t i o n  computed i n  look-up f o r  non l inear  
s p r i n g  jft.) ( c )  
For  brake module a t  wheel I,JI... 
AB( I, JI) d i s t a n c e  from h o r i z o n t a l  c e n t e r l i n e  of drum t o  p a r a l l e l  l i n e  
through shoe c o n t a c t  ( i n . )  ( R )  
AC(  I, J I )  brake chamber a r e a  ' s q .  i n . )  ( R )  
.ALPHl(I,JI) acu te  ar.gle between a  d i a m e t r i c a l  l i n e  through a  shoe p i n  and a 
d i a m e t r i c a l  l i c e  through t h e  t o p  ( s e e  f i g u r e  2-31, Reference 1) 
drum/l lning c o n t a c t  p o i n t  of t h e  same shoe deg.)  ( R )  
A L P H ~ (  I, J I )  CLPHO' 1) + ~ * A L P H ~ :  I )  ( deg.) ( R )  
ALPHO( 1, JI) l i n i n g  c o n t a c t  angle  / deg. ) (R) 
PLPHW(I,JI) wedge ang le  ideg . )  ( R )  
bLPRIM( I, JI)  r a d i a l  d i s t a n c e  from c e n t e r  of drum t o  shoe pi]? 1 i n . )  
BYTA(I,JI) l i n i c g  o f f s e t  angle  1 deg.)  ( R )  
~ 2 (  1,JI) d i s t a n c e  f ro r ,  h o r i z o ~ t a l  c e n t e r l i n e  of drum t o  p a r a l l e l  l i n e  
through p o i n t  of a c t u a t i n g  f o r c e  ( i n . )  ( R )  
mechanical e f f ic iency  ( R )  
brake fade coe f f i c i en t  ( R )  
dis tance from hor izonta l  cen ter l ine  through shoe pin t o  pa ra l -  
l e l  l i n e  through connector contact point  ( in . )  ( R )  
brake type ( R )  0 f o r  no brakes 
1 f o r  s-cam brake 
2 f o r  2-wedge brake 
3 f o r  1-wedge brake 
4 f o r  DSSA 
5 f o r  duplex brake 
6 f o r  d i sc  brake 
dis tance from v e r t i c a l  cen ter l ine  of drum t o  p a r a l l e l  l i n e  
through shoe contact  point  ( i n . )  ( R )  
pushout pressure (p . s , i . )  ( R )  
cam radius ( i n , )  ( R )  
drum radius ( i n . )  ( R )  
s lack  ad jus t e r  length ( i n . )  ( R )  
l i n i n g  f r i c t i o n  coe f f i c i en t ,  high ( R )  
l i n ing  f r i c t i o n  coef f ic ien t ,  low ( R )  
For a l l  vehicles...The following are  the in tegra t ion  variables  s en t  t o  subroutine 
HFCG 
Y( 1) Z ( i n e r t i a l )  
Y(  2) W 
y( 3) THETA 
Y( 4) Q 
Y( 5) X ! i n e r t i a l )  
y (  6 )  u 
Y( 7) YT( 1 ,1)  
y( 8) d / d t ( z ~ l )  
Y( 9 )  YT( 1 2 )  
~ ~ ( 1 0 )  d/d t ( TKETAA~ ) 
For a  s ing l e  r e a r  axle t r ac to r , . .  
y( 11) YT( 291) 
y( 12) d/dt( Z A ~ )  
Y( 13) YT( 2,2) 
Y( 14) d/dt( THETAA~)  
Y( 15) o 
Y (  16) 0 
Y (  17) 0 
Y (  18) 0 
For the  four  leaf  tandem tractor . . .  
~(11) ~ ~ ( 2 , 1 )  
y( 12) d/dt(zA2) 
Y( 13)  YT( 2,2) 
y( 14)  d/dt( THETAA~) 
y( 15)  YT( 3 4 )  
Y( 16) d / d t (  z ~ 3 )  
Y( 18)  d/a t ( THETAAT) 
For t h e  walking beam t r a c t o r . . .  
~i 1 1 )  ~ ~ ( 2 ~ 1 )  
~ ( 1 2 )  d / d t ( ~ ~ ( 3 , 1 ) )  
u( 13) ~ ~ ( 2 ~ 2 )  
Y( 1 4 )  d /d t   TEET TAT^ \ 
~ ( 1 5 )  YT( 3 , l )  
~ ( 1 6 )  d / d t ! ~ ~ ( 3 , 2 ) )  
Y! 17) ?T( 3 , 2 )  
Y! 1 8 )  d/a t (  T H Z T O T ~  
Y( 19) PHI 
Y /  23) P 
Y I  21) FSI 
Y (  22) R 
Y( 23) Y ( i n e r t i a l )  
~ ( 2 4 )  V 
Y! 23) XT 
Y! 26) LT 
Y( 27) YT 
Y( 28) VT 
~ ( 2 9 )  Z T 
Y(30) 7 \A; lr- 1 
Y( 31) PHIT 
Y( 32) PT 
y (  33) THETAT 
Y( 34) QT 
y(  35) PS I T  
y( 36) RT 
For  a s i n g l e  r e a r  a x l e  t r a i l e r . .  . 
Y (  37) YT( 4 , l )  
y( 38)  d / d t (  Z L ~ )  
Y( 39) ~ ~ ( 4 , 2 )  
y( ) i i /dt(  T ~ E T P L ~ )  
Y('-1) 3 
Y( 42) C 
~ ( 4 3 )  0 
y(L4) 0 
For  t h e  f o u r  l e a f  tandem t r a i l e r . .  . 
Y( 37) y:(h,l) 
y (  38) d /d t (  zN) 
Y(  39) Y T ~  4 ,2)  
Y (  43) d/dtfTH~T>b4\  
Y('-1) Y T I  5 ,1 )  
~ ' 4 2 )  d /d t i  Z A ~ )  
~ ( 4 3 )  YTi 5 ,2 )  
~ ( $ 4 )  a l d t i  W E T L A ~ )  
F3r t h e  walking beam t r a i l e r . . ,  
Y( 37) YT(4,l)I 
Y' 38) d/ds( Z S ~  Lt,l)) 




Eule r  Angles and Axis Systems 
Appendix B 
I n  t h e  t ruck  and t r a c t o r - t r a i l e r  s imulat ion models Euler angles  a r e  used t o  
s p e c i f i  t h e  o r i e n t a t i o n  of t he  body axes of t h e  vehic le  with respec t  t o  a  f ixed 
s e t  of axes ( i n e r t i a l  axes ) .  Since t h e  Euler angles  f o r  descr ib ing  t h e  t r a i l e r  
o r i en t a t i on  a r e  analogous t 3  t h e  Euler  angles fo r  t h e  t r a c t o r  ( o r  s t r a i g h t  t r u c k ) ,  
it i s  s u f f i c i e n t  t o  d iscuss  t h e  equat ions for  computing t h e  t r a c t o r  o r i en t a t i on .  
Similar equations a p p l : ~  t o  t he  t r a i l e r .  
The angles s e l ec t ed  f o r  t h i s  program a r e :  
(1) $, a :raw angle measured i n  a  plane perpendicular t o  t h e  i n e r t i a l  system 
v e r t i c a l  un i t  vector  en, 
( 2 )  8, e p i t c h  angle measured In  a  plane perpendicular t o  t he  unsprung mass 
l a t e r a l  s n i t  vector  $1, 
and 
( 3 )  4 ,  a  r o l l  angle measured i n  a  plane p e r p e n d i c ~ l a r  t o  t he  sprung mass fo r -  
wara un i t  vector  9b. 
The angles $, 9, and @ a r e  shown i n  Figure B - 1 .  In t h i s  d i scuss ion  four  s e t s  of 
ax i s  systems a r e  used. These a x i s  systems a r e  spec i f ied  by t h e  following s e t s  of 
un i t  vectors  : 
(1) [kn, $+n, Qn] t h e  i n e r t i a l  s e t  of un i t  vectors  
( 2 )  [$I ,  $1, $11 t h e  unsprung mass s e t  of un i t  vectors  
( 3 )  [22, 9 2 ,  621 an a u x i l i a r y  s e t  of un i t  vectors  
(4) [xb, yb, zb] t he  sprung mass s e t  of un i t  vectors  
Yaw P i t c h  Rol l  
1. $ about f (yaw) 
n 
2 9 abou t ;  ( p i t c h )  
1 
j. about $ ( r o l l )  
b  
Figure B-1. Euler angles  
See Tigure 3-1 f o r  an i l l u s t r a t i o n  of these  un i t  vectors .  The [Qb, $b, Qb]  un i t  
vectors  can be expressed i n  terms of t he  [Qn, Qn, en]  un i t  vectors  by t h r e e  ro-  
t a t i o n s  through t h e  angles  14, 8, and O consecutively.  Consider these  roa t ions  
A one a t  a  time. ?or $, a r o t a t i o n  about t he  zn un i t  vector ,  as  shown i n  Figure B-1 :  
91 = cos J 9n + s i n  i f  Qn 
A = - s i n  4 xn + cos $ $n 
51 = i n  
(Note t h a t  [PI, $1, $11 a r e  t h e  un i t  vectors  used ::I der iv ing  t h e  unsprung mass 
equations of motion.) For 8 ,  a r o t a t i o n  about t h e  91 a x i s :  
b = $1 cos 8 - 91 s i n  8 
A A 22 = x l  s i n  8 + $1 cos 8 
A 
and f o r  @, a r o t a t i o n  about t h e  x2 ax i s :  
A A yb = y2 cos o + $2 s i n  Q ( 33 1 
A $b = -y2 s i n  + $2 cos t~ 
(Note t h a t  $2 = $b where $b i s  t h e  forward body ax i s  of the  sprung mass.) 
A t  t h i s  point  it i s  convenient t o  express  Equations (81)) (B?), and ( ~ 3 )  i n  
matr ix nota t ion .  For example, Equation ( B l )  can be w r i t t e n  a s :  
where (cnl) i s  equal  t o  t he  matrix used t o  express t h e  [$I, $1, "21 un i t  vectors  
i n  terms of t he  [Pn, "y, "z] un i t  vectors .  Similar ly,  Equations ( 8 2 )  and ( ~ 3 )  may 
expressed a s :  




[ f b ,  "yb, Gb] = [k ,  $2, "21 ( c ~ ~ )  
Using ( 8 5 )  t o  s u b s t i t u t e  fo r  [$2, 92,  $21 i n  (g), 
12 2b, 
where ( C  ) (C , can be e v a l a a t e d  by m a t r i x  m u l t i p l i c a t i o n ,  t h a t  i s ,  
12 2b 
( C  ) ( C  ) = cose si!%3sin@ s i n e c o s @  = ( b j i )  I (a) cos - s i n @  - s i n e  cosesinm cosecosm 
12 
(Ns te  t h a t  (C ) (C2b)  = ( b  ) where ( b . . )  i s  used i n  Equation (2-:b) of t h e  t e x t .  
ji J 1  
Also r o t e  t h a t  ( b i  J '  i s  t h e  mat r ix  ob ta lned  by t r a n s p o s i n g  t h e  h o r i z o n t a l  ror\rs of 
(38) w i t h  t h e  v e r t i c a l  columns of ( @ ) . )  
A A ;JOW proc~ed in : '  t o  s u b s t i t u t e  f o r  [ g l ,  y l ,  z l ]  us ing  Equation (a), t h e f o l -  
lowing express ion  i s  ob ta ined :  
2b The mat r ix  product ,  (cn1)(c12)(C ) ,  i s  equa l  t o  t h e  mat r ix  f o r  t h e  t r ans format ion  
( a j i )  which i s  used i n  Equation ( 2 - l b )  of t h e  t e x t .  Thus, 
C a r r y i ~ g  3ut t h e  i r d i c a t e d  m u l t i p l i c a t i o n  ( i .  e . ,  us ing  Equat ions  ( @ + )  and ( @ ) ) ,  
and t r a n s p o s i n g  ( a , .  ) one o b t a i n s  
J 1  
sin.Jfcz~sO - s i n 3  
s i n $ s i n ~ s i n O + c o s ~ c o s @  cosesinm ( a l l )  
c o s ~ s i n e c o s @ + s i n $ s i n @  s in l$s icecos@-cosqs in~  : o s ~ c o s @  1 
I n  summary, if t h e  Eu le r  ang les  a r e  known, t h e  m a t r i x  ( a j i )  can be  used t o  
~ b t a i n  t h e  i n e r t i a l  a x i s  components of a  vec to r  whose body a x i s  components a r e  
given.  To i l l u s t r a t e  t h e  s ta tement  above, cons ide r  t h e  sprung mass v e l o c i t y  vec- 
t3r which i s  expressed,  i n  body a x i s  coord ina tes ,  a s  
A A V = [r'xb, yb, zb]  
and, i n  i n e r t i a l  c o o r d i n a t e s ,  a s  
- A A A  V = [xn, yn, zn] 
Using Equation (39) i n  ( ~ 1 2 ) ,  one o b t a i n s  
Equating t h e  components of V i n  Equations ( ~ 1 3 )  and (Bib), one obtains 
- 
Thus the  i n e r t i a l  components of t he  ve loc i ty  f ec to r ,  V, can be calculated from the 
body a x i s  components of V and the  matrix, ( a .  ), which is  a funct ion of' J r ,  8 ,  and 
J i @. 
Since the  body axes of t h e  sprung mass a r e  r o t a t i n g  w i t h  t he  sprung mass, 
t h e  Euler angles a r e  changing w i t h  time during a  vehicle maneuver. In  the  follow- 
ing  discussion t h e  d i f f e r e n t i a l  equations f o r  t he  time r a t e s  of change of the 
Euler angles a r e  derived. I n  t he  computer simulation the  Euler anges a r e  found 
by in t eg ra t i3g  these equations. 
The time r a t e s  of change of t he  Euler angles a r e  4, 8 ,  and 4. These angular 
r a t e s  can be represented by the  vectors @n, $1, and &b ( see  reference [18] for  
an explanation of t r e a t i n g  angular r a t e s  a s  vec tors ) .  The angular ro t a t i on  vector 
of t he  sprung mass, z, i s  the  sum of these  r a t e s ,  t h a t  i s ,  
In  Equation (2-14) 0 was defined by: 
Thus, s ince  ( ~ 1 6 )  and ( ~ 1 7 )  a r e  two expressions fo r  t h e  same vector,  
Now consider expressing $n and $1 i n  the  body ax i s  system. From Figure B - 1  i; can 
be seen t h a t  
(This r e s u l t  could a l s o  be derived from the  matrix (b i j )  . )  It i s  not easy t o  vi-  
sua l ize  $n and thus "z i s  more readi ly  obtained from the  expression [Gn, $n, ' in] = 
[!$b, $b, f b ]  ( a i j ) .  The answer i s  
Using (Blg) and ( ~ 2 0 )  i n  ( ~ 1 8 )  and equating the  i b ,  $b, kb components, t he  follow- 
ing  s e t  of equations a r e  obtained: 
P = i - s ine  I 
. . 
Solving (21) f o r  4 ,  9, and @, y i e l d s  
i = p  + s i n e  
I n  cor,clusion, equa t ions  (322) a r e  i n t e g r a t e d  i n  t h e  s i m u l a t i o n  t o  f i n d  $, 8, 
and @ which a r e  used throughout  t h e  computer program t o  conver t  v e c t o r  comp3nents 
from one a x i s  system t o  a n o t h e r .  
APPENDIX C 
Equations of Motion 
C . l .  INTR03UCTISN 
The equatio!ls of' motion o f  t h e  a r t i c u l a t e d  v e h i c l e  a r e  g iven  below. The 
s t r a i g : l t  t r u c k  equa t ions  Kay be de r ived  by s e t t i n g  ~ i n g p i n  f o r c e s  and moments 
equal  t o  z e r o  i~ i  t h e  t r a c t o r  equa t ions .  
Z c ~ a t i o n s  a r e  g iven  i n  t h e  fo l lowing  o r d e r :  
a )  Equat iocs  c o m e r r i n g  t n e  t i r e s  
b )  Equat ions  concerning t h e  suspensions  
c )  Fquat io3s  concerning t n e  sprung masses 
I n  many a r e a s ,  a  d e t a i l e d  e x p l a n a t l o s  of t h e  e q s a t i o n s  under c o n s i d e r a t i o n  
w i l l  have been g iven  i n  t h e  body o f  t h i s  r e p o r t  o r  i n  Reference 1. I n  t h a t  case ,  
orily a  s n o r t  summary of  t h e  equa t ions  w i l l  be  g iven  i n  t h i s  appendix and t h e  i n -  
t e r e s t e d  r e a d e r  w i l l  be r e f e r r e d  t o  t n e  a p p r o p r i a t e  docxmentation. To avoid con- 
f l ~ s i o n ,  s u b s o r i p t s  i n d i c a t i n g  a x l e  n ~ m b e r  o r  r i g n t  o r  l e f t  s i d e  a r e  dropped un less  
t h e y  a r e  necessa ry  f o r  c l a r i t y .  
C .  2. EQJATI3NS C2NCERNING THE TIRES 
For f l ~ r t n e r  6 e t a i l s ,  s e e  S e c t i o n  3.2 o f  t h i s  r e p o r t .  
Normal Forces a t  t h e  ~ i r e / ~ o a d  I n t e r f a c e :  
N = KT . YT + CT . YTD 
Shear Forces  a t  t h e  ~ i r e / ? , o a d  I n t e r f a c e :  
-1 vi 
a = t a n  - - 8 
U i 
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C . 3  EQUATIONS CONCERNING THE SUSPENSIONS 
(For more d e t a i l s  see  Sect ion 3.3.2 of  t h i s  r epor t .  ) 
a )  Single  Axle 
where 
A i s  t h e  change i n  suspension l eng th  from s t a t i c  equilibrium (extension i s  
p o s i t i v e ) ,  and CF i s  the coulomb f r i c t i o n .  For d e t a i l s  of t h e  coul.omb f r i c -  
t i o n  model see  Reference 1, Sect ion 2.3. 
J A  6A = ( ~ ( 2 )  - F Z ( ~ ) ) T R A  + ( ~ ( 1 )  - S ( ~ ) ) F R Y  - SMY . d (~1.2) 
where d  i s  t h e  v e r t i c a l  d is tance from the  r o l l  center  t o  tne sprung mass cen te r ,  
and where a 1 ind ica tes  t h e  l e f t  s i d e  and 2 ind ica tes  t n e  r i g h t  s ide .  
1 
RX2 - RX1 = - ((FX2-FX1) TRA - J A  . $1 
FRY ( ~ 1 5 )  
where UD1, VD1 and may be found through t h e  methods of Figure 3-13. 
b )  The Four Spring Suspension 
 o or more d e t a i l s  see  Sect ion 5.3.3 of t h i s  r epor t  and Section 2.3.7 of Ref- 
erence 1 . )  I n  the equations i n  t h i s  sec t ion ,  t h e  i n i t i a l  subsc r ip t  ind ica tes  the 
ax le ,  t h e  second i n d i c a t e s  r i g h t  s i d e  o r  l e r t  s ide .  A t r a c t o r  force  spr ing tandem 
i s  considered here ,  hence t h e  use of ax le  subsc r ip t s  2 and 3. 
For each s ide ,  
where A i s  t h e  average of t h e  change of suspension length f o r  ax les  2  and 3, KK i s  
t h e  sum of the  l e a f  spr ing r a t e s ,  and CF i s  t h e  coulomb f r i c t i o n .  
For both ax les ,  
and f o r  each s i d e  
2 )  Tne Walking Beam S ~ s p e n s i o r ~  
(For  nore  d e t a i l s  s e e  S e c t i o n  3.3.4 o f  t n i s  r e p o r t  and S e c t i o n s  2 .3 .6  of  
Reference 1. ) 
For eacn s i a e  
where A i s  t n e  change i n  suspension l e n g t h  and CF i s  t h e  coulomb f r i c t i o n .  
For each a x l e  
For eacn s i d e  
where XXX i s  t h e  s t a t i c  load on t h e  walking beam p i n .  
C.4. ZQUATIONS CONCERNING THE SPKmG MASSES 
Many kinemat ic  d e t a i l s  a r e  g iven  i n  S e c t i o n  2  of t h i s  r e p o r t .  
THE FIFTH MIEEL FORCES AND MOMTNTS.  o or more d e t a i l s  s e e  S e c t i o n  3.5 of 
t n i s  r e p o r t .  ) 
Let t n e  p o s i t i o n  of  t h e  t r a c t o r  f i f t h  wheel be  w r i t t e n  
- 
wnere R i s  a  v e c t o r  from a  f i x e d  p o i n t  p  t o  t h e  t r a c t o r  sprung mass c e n t e r .  Simi- 
l a r l y ,  t h e  p o s i t i o n  of  t h e  t r a i l e r  f i f t h  wneel may be  w r i t t e n  
- 
wnere TR i s  a vec to r  from p t o  t h e  t r a i l e r  sprung mass c e n t e r .  We a r e  i n t e r e s t e d  
i c  t h e  v e c t o r  5 
- 
where C i s  a  cons tan t  v e c t o r  wnicn may be cnosen t o  s e t  
f o r  t h e  i n i t i a l  condi t ion .  S i n c e ,  we have choeen a l l  zero i n i t i a l  c o n d i t i o n s  
( w i t h  t h e  except ion o f  forward v e l o c i t y  u )  
- - 
R = TR 
I n  a d d i t i o n ,  a t  t ime z e r o  
thus  t h e  vec tor  C may be found t o  be 
- 
The vec tor  6 may now be w r i t t e n  
- - 
Now s i n c e  R - TR i s  j u s t  t h e  vec tor  d i f f e r e n c e  between t h e  sprung mass c e n t e r  
p o s i t i o n s ,  t h e  components of 5 may e a s i l y  b e  c a l c u l a t e d  from Equation ( ~ 3 4 ) .  
The r e l a t i v e  v e l o c i t y  a t  t h e  f i f t h  wheel may be c a l c u l a t e d  by a  s t r a i g h t -  
forward d i f f e r e n t i a t i o n  o f  ; a s  given i n  Equation ( ~ 3 4 ) .  Refe r r ing  t o  Equation 
( ~ 1 1 )  f o r  t h e  A ( I , J )  and dropping t h e  h igh  order  products  o f  smal l  terms y i e l d s  
- - A A 6 = R - TR + x ~ p ( $ ( - s i n $  Rn + cosV yn)  - 6 zn)  
Now t h e  f o r c e  t r a n s m i t t e d  through t h e  f i f t h  wheel may be e a s i l y  computed. 
This f o r c e  may be w r i t t e n  f o r  convenience i n  t h e  yaw ax is  components f o r  bo th  
t r a c t o r  and t r a i l e r :  
- 
F = PINX 21 + PINY $1 + PIN2 2 1  
( ~ 3 7 )  
= TPINX ti1 + TPINY $1 + TPINZ t k l  
The r o l l  moment t r a n s m i t t e d  tnrougn t h e  f i f t h  wheel i s  assumed a  fllriction 
only o f  t h e  r o l l  ang les  o f  t h e  t r a c t o r  and s e m i t r a i l e r  ( t h e  e f f e c t s  o f  p i t c h  
r g t a t i o n  an5 t h e  a r t i c u l a t i o r ,  av:gle a r e  E e g l e c t e d ) .  Thcs 
C. 5 .  TH'? EQijATIOiiS OF MOTION OF THE SPRUJG MASSES 
Only t h e  t r a c t o r  w i l l  be cons ide red  nere .  The equa t ions  o f  t r a i l e r  sprung 
mass motion a r e  d i r e c t l y  a n a l o g o l ~ s  t o  t h e  t r a c t o r  e q l ~ a t i c n s .  
i l~ie  t o  t n e  way t l ie  suspension e q l ~ a t i o n s  a r e  ' n i % t e n ,  cne f o r c e s  and morr,en+,s 
on t h e  s p r u r g  mass may be wr:tten most conven ien t ly  I n  t h e  [Xl,  Y 1 ,  Zlj system. 
Ir. t h e  fol1cwlr.g equa t ions ,  I i s  t h e  a x l e  number; J = 1 i z d i c a t e s  t i le l e f t  s i d e  
and J = 2 i n d i c a t e s  t h e  r ig i l t  sicie. The t o t a l  number o f  t r a c t o r  a x l e s  i s  KAXLE. 
The t o t a l  f o r c e  on t h e  sprung mass may be  w r i t t e n  
where 
KAXLE 2 
~ ( 1 )  = PINX + C C RX(I,J)  
1=1 J=1 
KAXLE 2 
~ ( 3 )  = PINZ + C 1 S F ( I , J I )  
1=1 J=1 
These nay t h e n  be r o t a t e d  i n t o  body p s i t i o n  a rd  )used t o  a a l c u l a t e  t'ne a c c e l -  
e r a t i o n s  : 
The computation of  t h e  t o t a l  moment cr t h e  sprzng mass depends on t n e  f i f t n  
wneel f o r c e s  ar.d r o l l  couple ,  t h e  f o r c e s  of c o n s t r a . i n t  a t  t n e  suspens ions ,  and 
t r e  brake torque.  We w i l l  assume a  s i n g l e  r e a r  a x l e  h e r e ;  no te  t : la t  i n  tfie case  
of  a  walking beam or  f o u r  s p r i n g  sxspensior, ,  s l i g h t l y  more cocp l iaa ted  mo~!ents i n  
t n e  $1 d i r e c t i o n  r e s u l t .  These added t e r a s  a r e  c a r e f a l l y  der ived i n  S e c t i o n s  
2.3.6 anc 2.3.7 of  Reference 1. The t o t a l  moment on t k e  t r a c t o r  spr:ng mass of  a  
s i n g l e  r e a r  a x l e  v e h i c l e  may be def ined a s  
2 
 MOM(^) = -PINY ZKP + C ( ( s F ( I , ~ )  - ~ ~ ( 1 ~ 1 ) )  . FRY 
I=1 
( ~ 4 % )  
- SMY(I) d ( ~ ) ]  
 MOM(^) = PINX ZKP + PINZ * XKP 
2 
MOM(?) = PINY ' XKP + C ( ( R x ( I , ~ )  - ~ ~ ( 1 ~ 2 ) )  FRY(I)  
1=1 ( ~ 4  5c) 
+ sMY(1) ' XS(I) ]  
These may then  be ro t a t ed  i n t o  body pos i t i on  and used t o  ca l cu l a t e  t he  angu- 
l a r  acce l e r a t i ons :  




D - 1 .  INTR3D.ICTI3N 
The pLrpQse o f  t n i s  appendix i s  t o  f a c i l i t a t e  use of  t n e  program. I n i t i a l l y ,  
t n e  most s t r a i g h t f o r w a r u  c p t i o n s  a r e  p resen ted .  Note t h e r e  i s  one parameter per 
record except  where a  two coord ina te  r e l a t i o n s h i p  i s  a p p r o p r i a t e ;  i . e . ,  p ressure -  
torqde t a b l e s ,  e t c .  1n;eger v a r i a b l e s  a r e  i n  12 formet.  Real v a r i a b l e s  a r e  i n  
F13. j f3rmat.  P a i r s  o f  r.~mbers a r e  en te red  i n  3 1 0 . 3  format.  
D-2. INPUT INSTRUCTIONS FOR THE STLUIG'HT TRJCK PROGMM 
I n  t h i s  s e c t i o n ,  t n e  most s t r a ig l i t fo rwara  o p t i o n s  o f  t h e  s t r a i g n t  t r c c k  pro- 
gram a r e  p resen ted .  Dzta L i s t  3-1 g ives  t n e  o rder  of  d a t a  inpu t  f o r  a  s i c g l e  r e a r  
a x l e  v e h i c l e  w i t n  dynamomezer t a b l e s .  
I n  t k e  c a s e  of tanaem r e a r  a x l e s ,  t h e r e  w i l l  be s e v e r a l  changes f r o a  t k e  s e -  
quence i n  Data L t s t  3-1. 3 a t a  L i s t  D-2 and D - 3  g i v e  t h e  o rder  of t h e  inpu t  d a t a  
f o r  :he walking beam and t:ze f o u r  spr i r -g  tandem a x l e s ,  r e s p e c t i v e l y .  
D- 3. INPUT INST2UCTIONS F33 THE ARTICULATED VEHICLE 
I n  t n i s  sec:lorL, t h e  most s t r a i g h t f o r w a r d  op t ions  o f  t h e  a r t i c d l a t e d  v e h i c l e  
a r e  given.  Data L i s t  3-L- gives  t h e  o rder  o f  t h e  i n p ~ t  d a t a  f o r  a  t h r e e - a x l e  ve- 
n i c l e .  
I n  t h e  case  o f  zanaem a x l e s ,  t h e r e  w i l l  be  s e v e r a l  zkanges from t n e  seqldence 
skow- i n  Data L i s t  D-4. 3 a t a  L i s t  D - 5  g i v e s  t h e  i n p u t  sequence f o r  a  four  s p r i r ;  
tandem a x l e  t r a c t o r  w i t k  a four  s p r i n g  tandem a x l e  t r a i l e r .  The inpu t  sequence 
f o r  t h e  walking beam tandem a x l e  t r a c t o r  w i t h  a  walking beam tandem a x l e  t r a i l e r  
a i f f e r s  from Data L i s t  3-3 by t h e  absence o f  AA6, AA7, M8, M14,  AM?, and AA16. 
P E R C M T ( ~ )  and PERCI ' \ 'T (~ )  a r e  t o  be l n s e r t e d  a f t e r  !JZERO(>). 
9-4. THZ BZAKE YABLES - II<P'.JT INSTiiJCTICNS 
The b rake  t a b l e s  a l low c s e r  inpilt t ime varying p r e s s u r e  a t  t h e  f o o t  valve and 
dynamometer curves  f o r  each waeel. ?ab le  1 i s  t n e  t ime vs .  p ress l J re  t a b l e .  
Tables  2  through 2"MXLF + 1 a r e  t h e  p r e s s n e  vs .  t o r q d e  t a b l e s .  ( ~ o t e  KAXLE 1 s  
t h e  t o t a l  number c f  a x l e s .  Tnus, t h e r e  i s  one p r e s s u r e  vs. to rque  t a b l e  f o r  each 
wheel . )  Eacn t a b l e  v,ay c o n t a l n  up t o  23 coord ina te  p a i r s  en te red  i n  2Fl0.3 f o r -  
mat. The a c t u a l  number o f  p a i r s  i n  t n e  a  t a b l e  i s  always t k e  f i r s t  e n t r y  f o r  t h a t  
t a b l e .  The t ime  vs .  p r e s s ~ r e  t a b l e  must always be en te red .  The p ressure  vs .  
to rque  t a b l e s  must be  en te red  un less  t n e  brake ~ o d u l e s  a r e  t o  be  x e d .  
5 STEER TABLE L30K-LrP 
rn' lne re  a r e  two t ime vs .  s t e e r  a n g l e  t a b l e s .  The f i r s t  one i s  f o r  t h e  l e f t  
f r o n t  wneel, trie second i s  f o r  t h e  r i g h t  f r o n t  wheel. Each t a b l e  nay con ta in  up 
t o  25 c o o r 5 i z a t e  p i r s  enzered i n  2.7310.3 format.  The f i r s t  o f  t h e  two nldmbers i s  
t n e  t ime v a l ~ e ,  t h e  second I s  t h e  corresponding s t e e r  angle .  Preceding each t a b l e  
i s  a 5 a t a  card c o n t a i n i : ~ g  i n  I 2  f o r n a t  t h e  a c t u a l  number of p a i r s  i n  t n a t  t a b l e .  
Both s t e e r  t a b l e s  rn~ist always be en te red  and a r e  placea a f t e r  t h e  brake 
t a b l e s  o r  t n e  brake m o d ~ l e s  acc  a f t e r  t k e  f o r c e  d e f l e c t i s n  t a b l e s  ana t h e  a l i g n l c g  
to rque  t a b l e s  i f  e i t h e r  of t h e s e  a r e  usea .  
D-6. INPUT INSTRirCTIONS ?OR VARIOUS OPTIONS 
To Q s e  t h e  fo l lowicg  program o p t i o n s ,  s p e c i a l  a c t i o n  by t n e  , i ser  i s  r equ i red .  
Inpdt  i n s t r x t i o n s  f o r  Lne va r ious  o p t i o n s  a r e  explained below: 
3 O J G H  zOAJ 
A d a t a  car'5 c ~ n t a i n i ~ g  a  -1 (12 format)  must be i n s e r t e d  a f t e r  t n e  60- 
c h a r a c t e r  t i t l e  l a t a  car6  arid be fore  KEY o r  KEy(1). "is s i g n a l s  the  program t o  
c a l l  sl;brol;tirie 3 O A D  a t  t h e  proper  t ime  and p l a c e .  Sobrout ine  ROAD contai r -s  a  
user input  function or s e r i e s  of po in ts  fo r  road heignt coordinate data .  An exam- 
ina t ion  of t he  subroutine ROAD l i s t  w i l l  c l e a r l y  i nd i ca t e  how and where t o  i n s e r t  
the  road p ro f i l e .  
THE BRAKZ MODULES 
To use t he  brake subroutine, i n s e r t  a  -1 or  a  -2 (12 format) immediately 
a f t e r  t he  time vs. pressure t a b l e .  This w i l l  cause a  c a l l  t o  subroutine BRAKE. 
The parameters needed f o r  t h e  brake ca lcu la t ions  w i l l  then be read. A -1 indi -  
ca tes  s ide-to-side equal i ty  of brakes. Thus one brake type and i t s  r e l a t ed  param- 
e t e r s  must be entered fo r  each axle.  A -2 ind ica tes  s ide-to-side inequal i ty  of 
brakes. Thus one brake type and i t s  r e l a t ed  parameters must be entered f o r  each 
wneel. I f  you a r e  using tne  brake modules omit t h e  pressure vs, torque tab les .  
(See Data L i s t  D-6 f o r  a  l i s t  of brake types and t h e i r  r e l a t ed  parameters.) 
ALIGNING TORQUE TABLE LOOK-UP 
The da ta  cards for  a l ign ing  torque a r e  placed immediately before the s t e e r  
tab les .  There i s  one s e t  of t a b l e s  f o r  each ax le .  The f i r s t  data  card should be 
a  -1 (12 format) t o  s igna l  t h a t  a l ign ing  torque i s  t o  be used and more data  f o l -  
lows. There may be 5 or l e s s  v e r t i c a l  load e n t r i e s  fo r  each ax le  and 5 g r  l e s s  
s i d e s l i p  angle, a l ign ing  torque p a i r s  fo r  each v e r t i c a l  load entry.  The a l ign ing  
torque values a r e  for  one t i r e .  Refer t o  sec t ion  3.2.3 for  fur ther  d e t a i l s .  
Following i s  an example of the  a l ign ing  torque t ab l e s  fo r  one ax le  ( i n  par- 
t i c u l a r  the f ron t  ax le  of t he  t r a c t o r - t r a i l e r ) .  A s imi la r  s e t  of data  cards 
should be entered for  each axle.  
03 (NO. OF VERTICAL LOAD ENTRIES FOR THIS AXLE I N  I 2  FORMAT) 
2800. 05 (FIRST VERTICAL LOAD ENTRY, NO. OF SIDESLIP ANGLE VS . ALIGNING 
TORQUE PAIRS I N  F10.3, I 2  FORMAT) 





5430. 05 (SECOND VERTICAL LOAD ENTRY, NO. OF SIDESLIP ANGLE VS. ALIGNING 
TORQUE PAIRS I N  F10.3, I 2  FORMAT) 





9200. 05 (THIRD VERTICAL LOAD ENTRY, NO. OF SIDESLIP ANGLE VS. ALIGNING 
TORQUE PAIRS I N  F10.3, I 2  FORMAT) 




12. o 361. 
LATERAL STIFFNESS TABLE MOK-UP 
The user s e t s  a  f l a g  f o r  l a t e r a l  s t i f f n e s s  t a b l e  look-up by set t i f ig  CALF1 t o  
a  negative value. There i s  one t a b l e  f o r  each axle.  (NOTE: There i s  a  CALF 
t a b l e  look-up for  e i t n e r  a l l  o r  none of t h e  a x l e s . )  Each t a b l e  may contain up t o  
25 coordinate pa i r s  entered in 2FlO.3 format. The f i r s t  of the  two numbers i s  a  
v e r t i c a l  load value. The second i s  t he  corresponding l a t e r a l  s t i f f n e s s  value. 
Preceding each t a b l e  i s  a  da ta  card containing i n  I 2  format t he  ac tua l  number of 
pa i r s  i n  t h a t  t ab l e .  
Tile l a t e r a l  s t i f f n e s s  t a b l e s  a r e  placed a f t e r  t h e  s t e e r  t a b l e s .  ( s e e  Data 
L i s t  2-7. j
L O N G I T I L D I P f l ~  STIFFNESS TABLE LOOK- W 
The gser  s e t  a  f l a g  l o r  l o n g i t u d i n a l  s t i f f n e s s  t a b l e  look-ap by s e t t i n g  CSl 
t o  a  r e g a t i v e  v a l ~ e .  There i s  one t a b l e  f o r  eacn a x l e .  (NOTE:  Tcere i s  a CS 
t a b l e  look-up f o r  e i t h e r  a l l  o r  none of  t h e  a x l e s . )  Eacn t a b l e  rr.ay con ta in  cp t o  
2; coord ina te  p a i r s  en te red  i n  2F10.3 format.  Tne f i r s t  of t h e  two numbers i s  a 
v e r t i c a l  load value.  The second i s  t h e  corresponding l o n g i t u d i n a l  s t i f f n e s s  valge. 
Preceding eacn ;able i s  a  d a t a  card con ta in ing  i n  I 2  forma-G t n e  a c t u a l  number of 
p a i r s  ir. t h a t  t a b l e .  
The l o n g i t u d i n a l  s t i f f n e s s  t a b l e s  a r e  placed a f t e r  t n e  l a t e r a l  s t i f f n e s s  
t a b l e s  i f  they a r e  used, otherwise  a f t e r  t h e  s t e e r  t a b l e s .  (See Data L i s t  D - 8 . )  
DATA LIST D-1  
SINGLE REAR AXLE VEHICLE 
80 Character  T i t l e  (20A4 format)  
0 
























I Z Z  
I X Z  































~~ (1 ,1 ,1 )  ~ Q ( 1 , 1 , 2 )  ( 2 ~ 1 0 . 3  FOWL~T) 
T Q ( I , ~ , ~ )  ~ ( 1 ~ 2 ~ 2 )  
T Q ( ~ , L ~ )  ~ ( 2 ~ 1 ~ 2 )  
~ ~ ( 2 , 2 , 1 )  TQ(2 ,2 ,2 )  
KO. OF PAIRS I N  TIIG VS. PiiESSLiRE TABLE ( I 2  FORMAT) 
TIME FRESSU3E (LP TO 25 PAIRS I N  2F10.3 FORMAT) 
TIME PZESSU3E 
:JO. OF PAIRS I N  PRESSURE VS. TORQLE TO AXL3 1 (12 FOFWT) 
PRESS'VRE TORGL'E ( W  TO 25 PAIRS IN 2F10.5 FORMAT) 
PRESSURE TORQQLE 
NO. OF FAIRS I N  PKZSSURE VS. TORQUE TO AXLE 2 ( I 2  FORMAT) 
PRESSURZ TOR&-LJE 
PZESSURE TORQTdE 
NO. OF PAIRS I N  TIME VS. LEFT FRONT STEER ANGLF: TABLE ( I 2  FORMAT) 
TIm STEER ANGLE ('JP TC 25 PAIRS I N  2FlO.3 FORMAT) 
TIME STEER ANGLE 
NO. OF PAIRS I N  TIM3 VS. RIGHT FRONT STEE3 ANGLE TABLE ( I 2  FcFQ~AT) 
TIME STZER ANGLZ (UP TO 25 PAIRS I N  3 1 0 . 5  FORMAT) 
TIME: STZER ANGLE 
G 1  
G2 
IWIND ( I 2  FOR~AT) 
TINC 
TRUCK 
* One s i d e  va lue  
** Value f o r  one : i r e  
*+*Onit i f  PW = 0 . 0  
DATA LIST D-2 
WALKING BUM SUSPENSION, STRAIGHT TRUCK 
80 Character  T i t l e  (20A4 format) 
01 

































J A  1 



































~ Q ( l , l , l )  T ~ ( 1 , 1 , 2 )  ( 2 ~ 1 0 .  j FoRJIAT) 
- ~ ~ ( 1 ~ 2 ~ 1 )  ~ & ( 1 , 2 , 2 )  
~ ~ ( 2 ~ 1 ~ 1 )  l " 2 ( 2 , l 7 2 )  
~ ~ ( 2 ~ 2 ~ 1 )  ~ Q ( 2 , 2 , 2 )  
3 2 ( 3 , 1 j l )  ~ ~ ( 3 ~ 1 ~ 2 )  
TQ(3,2 ,1)  ~ ~ ( 3 ~ 2 ~ 2 )  
NO. OF PAIRS I N  TIME VS. PRESSURE TABLE ( 1 2  FORMAT) 
TIME PZZSSURE ('JP TO 23 PAIRS I N  2F10.3 FORMAT) 
TIME PRESSURE 
NO. OF PAIRS I N  PRESSURE VS. TORQUE TO AXLE 1 (12 F;),MT) 
PRTSSURE TORQUE (UP T3 23 PAIRS IN 2FlO. j FORMAT) 
PZESSURE TOaQC'E 
NO. GF PAIRS I N  PRESSURE VS. TORQUE TO AXLE 2 ( I 2  FORMAT) 
PilESSCJRE T33QiiE (TJP TO 25 PAIRS I N  2F10.3 FORMAT) 
PRESSURE T32QUE 
NO. OF FAIRS IN PRESSURE VS. TORQUE TO AXLE 3 (12 FORMT) 
P3ESSURE TO3C.UE (UP TO 23 PAIRS IN 2F10.3 FORMAT) 
PRESSLrRE TORG-UE 
NO. OF BAISS IN  TI^ vs. LEFT FRONT STEER ANGLE TABLE (12 FORMAT) 
TIIW STEEZ ANGL3 ( W  TO 25 PAIRS I N  2FlO. j FORMAT) 
TILE STEER fiI6GLZ 
DATA L I S T  9-2 ( con t inued)  
Iu'O. OF PAIRS IN TIME VS. R I G H T  FRONT S T E E R  ANGLE ( I 2  FORMAT) 
TIME STEZZ ANGLE (UP TO 25 P A I R S  LV 2F10.3 FORMAT) 
TIME STEER ANGLE 
Gl 
G 2  
I W I N D  (12 FORMAT) 
T INC 
TRUCK 
* One s i d e  value  
** Value f o r  one t i r e  
*** hit i f  FW = 0.0 
DATA LIST D-3 
FOUii SPRING SUSPENSIGN, STRAIGHT TRUCK 




































I Z Z  
I X Z  
JA 1 


































~ ~ ( 1 , 1 , 1 )  ~ $ ( 1 , 1 , 2 )  ( 2 ~ 1 0 . 3  FORMAT) 
~ ~ ( 1 , 2 , 1 )  ~ & ( 1 , 2 , 2 )  
~ Q ( 2 , 1 , 1 )  ~ Q ( 2 , 1 , 2 )  
~ ? ( 2 , 2 , 1 )  ~ & ( 2 , 2 , 2 )  
~ Q ( 3 , 1 , 1 )  ~ & ( 3 , 1 , 2 )  
~ ~ ( 3 , 2 , 1 )  ~ Q ( 3 , 2 , 2 )  
NO. OF PAIRS I N  TIME VS. PRESSURE TABLE (12 FORMAT) 
TIME PRESSURE (UP TC 25 PAIRS I N  2F10.3 FORMAT) 
TIME PRESSURE 
NO. OF PAIRS I N  PRESSURE VS. TORQUE TO AXLE 1 ( I 2  FORMAT) 
PRESSURE TORQilE (UP TO 25 PAIRS I N  2FlO.3 FORMAT) 
PRESSURE TORQUE 
NO. OF PAIRS I N  PRESSURE VS. TORQUE TO AXLE 2 (12 FORMAT) 
PRESSURE TOR0,UE (UP TO 23 PAIRS I N  2F10.3 FORMAT) 
PRESSURE TORQUE 
NO. OF PAIRS I N  PRESSURE VS. TORQUE TO AXLX 3 ( I 2  FORMAT) 
PRESSURE TORQUE (UP TO 23 PAIRS IN I 2  FORMAT) 
PRESSURE TORQUE 
DATA LIST D-3 ( c o n t i n u e d )  
$0. OF ?Aids  I N  TIME VS. LEFT FRONT STEEi3 PJGLE TABLE ( 1 2  FORMAT) 
TIME STEER ANGLE ( U P  TO 2 5  PAIRS I N  I 2  FORMAT) 
TIME ST53R ANGLE 
NO. OF PAIRS IN TIME VS. RIGHT FRONT STEER ANGLE TABLE ( I 2  FOMT) 
TIME STEER ANGLE (w TO 25 PAIRS rn 12 FORMAT) 
TIME STZE3 AKGLE 
G2 
IWIND (12 FOWAT) 
TINC 
TRUCK 
+ V a l u e  f o r  one s i d e  
** V a l u e  f o r  o n e  t i r e  
+** hit i f  PvJ = 0.0 
DATA LIST 9-4 
TRACTOR-TRAILER SINGLE AXLE VEHICLE 
83 Character  T i t l e  (20A4 format) 
0 
0 
A1 ( ~ 1 4 . 4  format)  
A2 





















































































TQ(~, 1,l) ~~(1,1,2) (2~10.3 FORMAT) 
~0(1,2,1) ~~(1,2,2) 
DATA LIST D-4 ( con t inued)  
NO. OF PAIRS I N  TIME VS. PRESSURE TABLE ( I 2  FORMAT) 
TIME PRESSLIT(E (UP TO 25 PAIRS I N  2F10.3 FORMAT) 
TIME PRESSLXE 
NO. OF PAIRS IN THE PRESSURE VS. TOTAL TORQUE TO AXLE 1 ( I 2  FORMAT) 
PRESSURE TORQUE (UP TO 25 PAIRS IN 2F10.3 FORMAT) 
PRESSURE TORQUE 
NO. OF PAIRS IN THE PRESSURE VS. TOTAL TORQUE TO AXLE 2 (12 FORMAT) 
PRESSURE TORQUE (UP TO 25 PAIRS I N  2F10.3 FONT) 
PRESSURE TORQUE 
NO. OF PAIRS LN THE PRESSURE VS. TOTAL TORQUE TO AXLX 3 ( I 2  FORMAT) 
PRESSURE TORQUE 
PRESSURE TORQUE 
NO. OF PAIRS I N  TIME VS. LEFT FRONT STEER ANGLE TABLE ( I 2  FORMAT) 
TIME STEER ANGLE (UP TO 25 PAIRS I N  2F10.3 FORMAT) 
TIME STEER ANGLE 
NO. OF PAIRS I N  TIME VS. RIGHT FRONT STEER ANGLE TABLE ( I 2  FORMAT) 
TIME STEER ANGLE (UP TO 25 PAIRS I N  2F10.3 FORMAT) 
TIME STEER ANGLE 
G 1  
G2 
I N I N D  (12 FORMAT) 
TWC 
TRUCK 
* One s i d e  value  
** Value f o r  one t i r e  
***Omit i f  PW = 0.0 
DATA LIST  D-5 
TRACTOR-TMILER FOUR SPRING 
60 Character T i t l e  (20A4 format) 
 KEY(^) (12 format) 
~ 3 Y ( 2 )  








A A l O  
AA12 
A A l S  
AAl4 
































c m 2 ~  
CFP25 
DATA LIST D - 5  ( c o n t i n u e d )  











F A 2  
FA 3 








I T Z Z  
I TXZ 
J A  1 







K 1  
K 2  


















DATA LIST D - 5  ( c o n t i n u e d )  






















T & ( l , l , l )  T & ( l , l , 2 )  ( 2 ~ 1 0 . 3  FORMAT) 
~ ~ ( 1 , 2 , 1 )  T Q ( l , 2 , 2 )  
~ ~ ( 2 ~ 1 ~ 1 )  ~ ~ ( 2 ~ 1 ~ 2 )  
~ 2 ( 2 , 2 , 1 )  ~ ~ ( 2 , 2 , 2 )  
% ( 3 , 1 , 1 )  ~ Q ( 3 , 1 , 2 )  
?Q(3 ,2 ,1 )  ~ ~ ( 3 , 2 , 2 )  
~ ~ ( 4 , 1 9 1 )  ~ ~ ( 4 , 1 , 2 )  
w + , 2 , 1 )  ~ ~ ( 4 , 2 ) 2 )  
T ~ ( 5 , 1 , 1 )  ~ ~ ( 5 ~ 1 ~ 2 )  
~ ~ ( 5 , 2 , 1 )  ~G. (5 ,2 ,2 )  
NO. OF PAIRS I N  TIME VS. PRESSURE TABLE (12  FORMAT) 
TIME PRESSURE (UP TO 25 PAIRS I N  2F10.3 FORMAT) 
TIME PRESSLIIE 
NO. OF PAIRS I N  PRESSURE VS. TOTAL TORQUE TO AXLE 1 (12 FORMAT) 
PXESSURE TORQUE (UP TO 23 PAIRS I N  2F10.3 FORMAT) 
PRESSURE TORQUE 
NO. OF PAIRS I N  PRESSURE VS. TOTAL TORQUE TO AXLE 2 ( I 2  FORMAT) 
PRESSURE TORQUE (UP TO 25 PAIRS IN 2 ~ 1 0 . 3  FORMAT) 
PRESSURE TO2QUE 
DATA LIST D-5 (con t inued)  
NO. OF PAIBS IN PRESSURE VS. TOTAL TORQUE TO AXLE 3 ( I 2  FORMAT) 
PRESSUR.E TORQUE (UP TO 25 PAIRS I N  2F10.3 FORMAT) 
PRESSURE TGRQUE 
NO. OF PAIRS I N  PRESSURE VS. TOTAL TORQUE TO AXLE 4 ( I 2  FORMAT) 
PRESSURE TORQUE (UP TO 25 PAIRS IN 2F10.3 FORMAT) 
PRESSURE TOi3QUE 
NO. OF PAIRS IN PRESSURE VS. TOTAL TORQUE TO AXLE 5 ( I 2  FORMAT) 
PFESSURE TORQUE (UP TO 25 PAIRS IN 2F10.3 FORMAT) 
PRESSURE TORQUE 
NO. OF PAIRS I N  T M  VS. LEFT FRONT STEER ANGLE TABLE ( I 2  FORMAT) 
TIME STEER ANGLE (UP TO 25 PAIRS I N  2FlO.3 FORMAT) 
TIME STEER ANGLE 
NO. OF PAIRS I N  TIME VS. RIGHT FRONT STEER ANGLE TABLE ( I 2  FORMAT) 
TIME STEER ANGLE (UP TO 25 PAIRS I N  2F10.3 FORMAT) 
TIME STEER ANGLE 
G 1  
G2 
IWIND (12 FORMAT) 
TINC 
TRUCK 
* One s i d e  value 
** Value for  one t i r e  
* * * h i t  i f  PW = 0.0 
DATA L I S T  D-6 
BRAKE MODULES 
0 8 C  BRAKES ( 1 1  f o r m a t )  













S A L  








A B  
ALPHO 












A L P H  0 
ALPHW 
A L P H j  
APRIM 
H B  








































DATA LIST D-7 
LATERAL STIFFNESS TABLE LOOK-UP 
NO. OF PAIRS IB VERTICAL LOAD VS. LATERAL STIFFNESS TABLE AXLE 1 (12) 
VERTICAL LOAD LATERAL STIFFNESS (UP TO 25 PAIRS I N  2FlO.3 FORMAT) 
VERTICAL LOAD LATERAL STIFFNESS 
NO. OF PAIRS I N  VERTICAL LOAD 'JS. LATERAL STIFFNESS TABLE, AXLE 2 (12) 
VERTICAL LOAD LATERAL STIFFlSESS (UP TO 25 PAIRS I N  2F10.3 FOWAT) 
VERTICAL LOAD LATERAL STIFFNESS 
NO. o f  PAIRS I N  VERTICAL LOAD VS. LATERAL STIFFNESS TABLE, LAST AXLE (12) 
VERTICAL LOAD LATERAL STIFFNESS (UP TO 25 PAIRS I N  2 F l O . j  FORMAT) 
VERTICAL LOAD LATERAL STIFFNESS 
DATA L I S T  D-8 
LONGITlJ i I INAL S T I F F N E S S  TABLE LOOK- UP 
NO. O F  P A I F 6  I N  VERTICAL LOAD VS. LONG. S T I F F N E S S  TABLE, AXLE 1 (12)  
VERTICAL LOAD LONG. S T I F F N E S S  (UP TO 25 P A I R S  I N  2F10.3 FOWIAT) 
VEXTICAL LOAD LONG. S T I F F N E S S  
NO. O F  P A I R S  I N  VERTICAL MAD VS. LONG. S T I F F N E S S  TABLE,  AXLE 2 (12)  
VERTICAL LOAD LONG. S T I F F N E S S  (UP T O  25 P A I R S  I N  2F10.3 FORMAT) 
VERTICAL LOAD LONG. S T I F F N E S S  
NO. OF  P A I R S  I N  VERTICAL LOAD VS. LONG. S T I F F N E S S  TABLE, LAST AXLE (12) 
VERTICAL LOAD LONG. S T I F F N E S S  (UP TO 25 P A I R S  I N  2FlC. 3 FORMAT) 





Var iables  
Y ,  DERY 
Ca lcu la te  S t a t i c  
Loads, do I n i t i a l i z a -  




Increment, Do In t eg ra t i on  
do more (CALL HPCG) 







Yes Table Look-up 









Table ( 2 )  . . . Call  
Table (KAXLE +1) * Subroutine 







I ~ a b l e  1 
1 
Y ( 6 )  -VEL Time vs .  
PRMT (2)-TIPIF Pressure 
Change Units Brake 
Parameters 
Seconds) IJUM ( 1 )
/ I IOCALF,  
K C A L F e l  + CALFX I 
CALFY 
NO A I - 
i /NOATN, A T N ,  
ldOCS I 
u r  scl CSX , 
KATb1 
v  I CSY I 
NOAT I ATA, 
ATMZ 
I N C L I N E  PARAMETERS [ WIND KEY I 
- I - 
Parameters , 
O p t i o n s  , 
T a b l e s ,  
Claculate 
Derivatives 




















I n i t i a l i z e  Con- 
s t a n t s  Look-up Longitudinal 
S t i f fness ,  Lateral  
S t i f fness ,  and Aligning 
Torque 
J A 
Calculate Changes Calculate 
i n  Mass and I n e r t i a  S l i p  and 
Due t o  Payload Brake Forces 
Calculate 
coulomb Fr i c t ion  4 
"Brake" Points Subroutine 
I 
Compute Normal 
S t a t i c  Loads 
Zero Components 
S t a t i c  
~ o a d s  on To C Forces 
Tires . No A I - 
v 
E n t e r  0 
S t a t e m e n t s  
I n i t i a l i z e  
C o n s t a n t s  
and 
V a r i a b l e s  
SUBROUTINE OUTPUT 
Yes DO P l i m i n a r y  
Work f o r  Brake 
S u b r o u t i n e  
N 0 k 1 - 
"Begin 
~ i m u l a t i o n "  










PRMT(5) - 1 . 0  
b 
Write In to  
Next Line of + I Output Buffer 
TORQUE 
I n i t i a l i z a t i o n s  7 
Tab le  Look-up 
f o r  Time v s  
P r e s s u r e  
Tab le  Look-up 
f o r  P r e s s u r e  
v s  Torque 
I 
yes C a l l  Brake 
S u b r o u t i n e  
( E n t r y  BCALC) 
N o I - 
v 
Return  0 
APPENDIX F 
validation Data 
TABLE F- 1 
INPUT PARAMETERS, STRAIGHT TRUCK 
VALUE FOR 
SYMBOL DESCPIPTI5;: ALL CONDITIOSS 
*****Vehicle Parameters***** 
KEY Axle Key: Set to 0 for Slnqle Axle 
1 for Walkinq Beam 
2 for Elliptlc Leaf 1 
AA1 Horizontal Dist. From Walkinq Beam 
Pin to Front Axle (in) 24.00 
AA2 Horizontal Drst. From Walking Beam 
Pin to Rear Axle (in) 26.00 
AA4 Vertical Dist. From Axle to W . B .  (in) 8.00 
AA5 Vertrcal Dlst. From Axle to Torque 
Rod ( ~ n )  18.00 
A1 Horizontal Distance From CG to Midpoint 
of Front Suspension (in)* 49.50 
A2 Horizontal Distance From CG to Midpoint 
of Rear Suspension (in)* 140.50 
ALPHA1 Static Distance, Front Axle to Ground (in) 19.95 






Viscous Damping: Jounce on Front Axle 
(lb-sec/in) 
Viscous Damping: Rebound on Front Axle 
(lb-sec/in) 
Viscous Damping: Jounce on Rear Axle (s) 
(lb-sec/in) 
Viscous Damping: Rebound on Rear Axle(s) 
(lb-sec/in) 
Lateral Stlffness, Front Tires 
(lbs/deg! 
Lateral Stlffness, Front Tandem 
Tires (lbs/deg) 
Lateral Stiffness, Rear Tandem 
Tires (lbs/degl 
Max. Coulomb Friction, Front Suspension 
(lb) 
Max. Coulomb Friction, Rear Suspension 
(lb) 
Curve Fit Parameter No. 1, Front 
Axle 
Curve Fit Parameter No. 1, Front 
Tandem Axle 
Curve Fit Parameter No. 1, Rear 
Tandem Axle 
Curve Fit Parameter No. 2, Front 
Axle (deg) 
Curve Fit Parameter No. 2, Front 
Tandem Axle (deg) 
Curve Fit Parameter No. 2, Rear 
Tandem Axle (deg) 
Longitudinal Stiffness, Front Tires (lbs) 
Lonqitudinal Stiffness, Front Tandem 
Tires (lbs) 
Lonqitudlnal Stiffness, Rear Tandem Tires 
(lbs) 
Statlc Vertical Distance, Front Axle to 
Tractor CG ( ~ n )  
Distance Between Dual Tires, Front 





*For empty vehicle, body was considered as payload. For loaded vehicles, 
body was considered as part of truck. 
**Table look up. 
TABLE F-1 (Continued) 
IYY 
DESCRIPTIO!: 
Frlctlon Reductlon Parameter on Front 
Tl res 
Friction Reductlon Parameter on Front 
Tande~ Tlrcs 
Frrct~cn Reductlon Parameter on Rear 
Tandem Tlres 
Sprung :lass Roll I4oment of Inertia 
(rn-lb-sece*2) 
Sprung :lass PitcP. 'lonent of Inertia 
(in-lb-sec**2) 
Yaw Moment of Inertla (in-lb-rec**2) 
Pitch Plane Cross Yoment 
(in-lS-sec**2) 
Roll >bnent of Front Axle 
(in-lb-sec**2) 
Roll .Wment of Front Tandem 
Axle (in-lb-seca*2) 
Polar Moment of Front Wheels 
(in-lb-seca*2) 
Polar Moment of Front Tandem 
Wheels (in-lb-sece*2) 
Polar Moment of Rear Tandem Wheels 
(in-lb-sece*2) 
Spring Rate, Front Suspension Ilb/in) 
Sprinq Fate, Rear Suspension (lb/in) 
Spring Rate, Front Tires (lb/in) 
Spring Rate, Front Tandem Tires (lb/in) 
Spring Rate, Rear Tandem Tires (lb/in) 
Coefficient of Friction, Front Wheels 
MUZERO2 Coefflcrent of Friction, Front Tandem 
Wheels 
MUZERO3 Coefficient of Friction, Rear Tandem 
Wheels 
PERCNT Percent Effectiveness of Torque Rods 
PW Weight of Payload (lbsl* 
PJ1 Roll Moment of Inertra of Payload 
(~n-lb-sece*2)* 
PJ2 Pitch Moment of 1ner';ia of Payload 
(rn-lb-sect*2)* 
PJ3 Yaw Moment of Inertia of Payload 
(in-lb-sec**2)* 
P X Horizontal Distance From Midpoint of 







Vertical Distance From Ground to Paylaod 
Center of Mass (in). 
Roll Center Height, front Surpension 
(in) 
Ro-1 Center Helght, Rear Suspension 
(in) 
Compliance Steer (deg/rn) 
Roll Steer Coefflclent, Front Axle 
Roll Steer Coefflclent, Rear Suspenslon 
Horizontal Distance from Body X-AXIS 
to Front Suspension (ln) 
Horltontal Dlstance from Body Y-Axis 
to Rear Suspenslon (ln) 
Max. Real Time for Simulation 
Half Track of Front Axle (in) 
Half Track of Front Tandem Axle (ln) 
Initial Veloclty (fps) 
VALUE FOR SPECIAL 















w Sprung Weight of Truck (lbs)* 8190.00 
*For empty vehicle, body was considered as payload. For loaded vehicles, body war considered 
Part of truck. 
**Varies with expected duratlon of stop. 
TABLE F-1 (Continued) 
SYMBOL DESCPIPTION 
WS 1 Welght of Front Suspension (lbs) 
WS2 Weight of Tandem Front (lbs) 

















































Axle 1, Left Side 
Brake Type 
Brake Chamber Area (sq.in) 
Mechanical Efficiency 
Pushout Pressure (PSI) 
Drum Radius (in) 
Mu Lining, High 
Mu Lining, Low 
Distance From Horizontal Centerline of 
Drum to Parallel Line Through Shoe 
Contact Point (in) 
Lining Contact Angle (deg) 
Wedge Angle (deg) 
Lining Offset Angle (deg) 
Distance from Horizontal Centerline of 
Erum Parallel Llne Through Point of 
Actuating Force (in) 
Distance From Vertical Centerline of 
Drum to Parallel Line Through Shoe 
Contact Point (in) 
Axle 2, Left Side 
Brake Type 
Brake Chamber Area (sq in) 
Mechanical Efficiency 
Pushout Pressure (PSI) 
Drum Radius (in) 
Mu Lining, High 
Mu Lining, Low 
Distance From Horizontal Centerline of 
Drum to Parallel Line Through Shoe 
Contact Point (in) 
Lining Contact Angle (deg) 
Wedge Angle (deg) 
Lining Offset Angle (deg) 
Distance From Horizontal Centerline of 
Drum Parallel Line Through Point of 
Actuating Force (in) 
Distance From Vertical Centerline of 
Drum to Parallel Line Through Shoe 
Contact Point (ln) 
Axle 3, Left Side 
Brake Type 
Brake Chanber Area (sq. in) 
MecAanical Efficiency 
Pushout Pressure (PSI) 
Drum Radius (in) 
Mu Lining, High 
Mu Llning, Low 
Distance From Horizontal Centerline of 
Drum to Parallel Line Through Shoe 
Contact Point (ln) 
Llning Contact Angle (deg) 
Wedge Anqle '(deg) 
VALUE FOR SPECIAL 






BETA L ~ n l n q  rsffset Angle ( d e q )  
C2 Distancc From Wor:zontal Centerline of 
Drum P a r a l l e l  Line Through Polnt of 
Actuating Force (lnl 
OH Distance From Vertlcal Centerline of 
Drum to Parallel Llne Through Shoe 
Contact Point (in) 
VALUE FOR SPECIAL 






























Tractor A x l t  i't~;'. C for Slnqlc Axle 
1 for Walklng Beam 
2 for 4 Elliptic Leaf 
Traller Axle Pcy  
Horizontal Dlstance From Tractor Front 
Leaf-Frame Contact to Axle Center ( ~ n )  
Horlzontal Dlstance From Tractor Rear 
Leaf-Frame Contact to Axle Center (in) 
Horlzontal Dlstance from Tractor Front 
Leaf-Frame Contact to Load Leveler 
Pin (in) 
Horizontal Drstance From Tractor Rear 
Leaf-Frame Contact to Load Leveler 
Pin (in) 
Vertical Distance From Axle Down to 
Tractor Torque Rod (in) 
Angle Between Tractor Torque Rod and 
Horizontal (deg) 
Horizontal Distance Prom Axle Center 
Forward to Tractor Torque Rod (in) 
Horizontal Distance From Trailer 
Front Leaf-Frame Contact to Axle 
Center (in) 
Horizontal Distance From Trailer Rear 
Leaf-Frame Contact to Axle Center (in) 
Horizontal Distance From Trailer Front 
Leaf-Frame Contact to Load Leveler 
Pin (in) 
Horizontal Distance From Trailer Rear 
Leaf-Frame Contact to Load Leveler 
Pin '(In) 
Vertical Distance From Axle Down to 
Trallcr Torque Rod (ln) 
Angle Between Traller Torque Rod and 
Horizontal (deg) 
Horizontal Distance From Axle Center 
Forward to Traller Torque Rod (in) 
Horizontal Distance From Tractor CG to 
Center of Tractor Front Suspension (in) 
Horizontal Dlstance From Tractor CG to 
Center of Tractor Rear Suspenslon (in) 
Horizontal Distance from Trailer CG to 
5th Wheel ( ~ n )  
Horizontal Distance From Trailer CG to 
Center of Trailer Suspension (in) 
Static Dlstance, Tractor Front Axle to 
Ground (in) 
Static Distance, Tractor Rear Axle(s) 
to Ground (ln) 
Statis Dlstance, Trailer Axlels) to 
Ground (in) 
Horizontal Distance From 5th Wheel to 
Midpolnt of Tractor Rear Suspension (in) 
Viscous Damping: Jounce on Tractor Front 
Suspenslon (lb-sec/in) 
Viscous Damping: Rebound on Tractor Front 
Suspension (lb-sec/in) 
Viscous Damping: Jounce on Tractor Rear 
Suspension (lb-sec/in) 
Vlscous Damping: Rebound on Tractor Rear 
Suspension (lb-sec/ln) 
Viscous Damping: Jounce on Traller 
Suspension (lb-sec/in) 
Viscous Damping: Rebound on Trailer 
Suspenslon (lb-sec/in) 
Lateral Stiffness, Tractor Front Tires 
(lbs,/deg) 
Lateral Stiffness, Tractor Front Tandem 
Tires (lbs/deg) 
look up. 
VALUE FOR SPECIAL 
































Lateral Stlffncss, Tractor Rear Tandem 
Tlres Ilbs/?eq! 
Latera: Stiffnesq, Traller Front Tandem 
Tires 11%s,'?cql 
Lateral Stlffness, Trailer Rear Tandem 
Tires (lbs/dcq! 
Maxlrum Cculont Frlction, Tractor Front 
Suspenslon ! l h )  
Maxlrun Coulorh Frlction, Tractor Rear 
Suspension (15) 
Maxlmun Coulomb Frictlon, Trailer 
Suspenslon (lb) 
Curve Flt Parameter No. 1, Tractor Front 
Axle 
Curve Flt Paraneter No. 1, Tractor Front 
Tandem Axle 
Curve Frt Parameter No. 1, Tractor Rear 
Tandem Axle 
Curve Frt Parameter No. 1, Trailer Front 
Tanden Axle 
Curve Fit Parameter No. 1, Trailer Rear 
Tandem Axle 
Curve Flt Parameter No. 2, Tractor Front 
Axle (deg) 
Curve Fit Parameter No. 2, Tractor Front 
Tandem Axle (deg) 
Curve Flt Parameter No. 2, Tractor Rear 
Tandem Axle (deg) 
Curve Fit Parameter No. 2, Trailer Front 
Tandem Axle (deg) 
Curve Fit Parameter No. 2, Trailer Rear 
Tandem Axle (deq) 
Longitudinal Stiffness, Tractor Front 
Tires (lbs) 
Longitudinal Stlffness, Tractor Front 
Tandem Tires (lbs) 
Longitudinal Stlffness, Tractor Rear 
Tandem Tlres (lbs) 
Lonqitudlnal Stiffness, Trailer Front 
Tandem Tires (ibs) 
Longitudinal Stiffness, Trailer Rear 
Tandem Tires (lbs) 
Vertical Dlstance From 5th Wheel 
Connection to Tractor CG (:n) 
Static Vertical Dlstance, Tractor CG to 
Tractor Front Axle (in) 
Static Vertlcal Drstance, Trailer CG to 
Trailer Axle 1s) (in) 
Distance Between Dual Tlres, Tractor 
Rear Suspension (ln) 
Distance Between Dnal Trres, Traller 
Suspenslon (in) 







Friction Reductlon Parameter for Tractor 
Front Tandem Tlres Dry Road 
Wet Road 
Frictlon Reduction Parameter for Tractor 
Rear Tandem Tires Dry Road 
Wet Road 
Friction Reduction Parameter for Trailer 
Front Tandem Tlres Dry Road 
Wet Road 
Frlction Reduction Parameters for Trailer 
Rear Tandem Tlres Dry Road 
Wet Road 
I X X  
I Y Y  
Tractor Sprun? Yass Roll Moment of 
Inertla (ln-lb-sec**2) 
Tractor Sprung Mass Pltch Moment of 
Inertla (~n-lb-sec"2) 
' Table look up. 







122 Tractor Yaw Moment of Inertia 
(in-1S-sec**2) 
Tractor Pitch Plane Cross Moment 
(ln-lb-sec**2) 
Traller Sprung >lass Roll Moment 
of Inertia (in-lb-sec**2) 
Trailer Sprung Yass Pitch Moment 
of Inertla (~n-ib-sec**2) 
Traller Yaw 'ioment of Inertia 
(in-lb-sece*2) 
Trailer Pltch Plane Cross Moment 
(~n-lb-sec**2) 
Roll Moment of Tractor Front Axle 
(in-lb-sec**2) 
Roll Moment of Tractor Front Tandem 
Axle (in-lb-sec**2) 
Roll Moment of Traller Front Tandem 
Axle (in-lb-sec**2) 
Polar Moment of Tractor Front Wheels 
(in-lb-sec**2) 
Polar Moment of Tractor Front Tandem 
Wheels (in-lb-sec**2) 
Polar Moment of Tractor Rear Tandem Wheels 
(in-lb-sec**2) 
Polar Moment of Trailer Front Tandem 
Wheels (in-lb-sec**2) 
Polar Moment of Trailer Rear Tandem 
Wheels (in-lb-sec**2) 
Spring Rate, Tractor Front Suspension 
(lb/in) 
Spring Rate, Tractor Rear Suspension 
(lb/in) 
Spring Rate, Trailer Suspension (lb/in) 
Spring Rate, Tractor Front Tires (lb/in) 
Spring Rate, Tractor Front Tandem Tires 
(lb/in) 
Sprinq Rate, Tractor Rear Tandem Tires 
(lb/in) 
Spring Rate, Trailer Front Tandem Tires 
(lb/in) 
Spring Rate, Trailer Rear Tandem Tires 
(lb/in) 
Moment Across the Fifth Wheel (in-lbs/deg) 








Coefficient of Friction, Tractor Front 
Tandem Tlres Dry Road 
Wet Road 
Coefficient of Friction, Tractor Rear 
Tandem Tires Dry Road 
Wet Road 
Coefficient of Friction, Trailer Front 
Tandem Tires Dry Road 
Wet Road 
Coefficient of Friction, Trailer Rear 




















Weight of Payload (lbs) 
Poll Moment of Inertla of Payload 
(in-lb-sec**2) 
Pitch Moment of Inertla of Payload 
(ln-lb-sec**2) 
Yaw Moment of Inertla of Payload 
(~n-lb-sec**2) 
Horizontal Dlstance From Mldpolnt of 
Rear Suspension to Payload Mass Center 
(in) not entered 183.00 
Empty 
Loaded 
Vertical Dlstance From Ground to Payload 

















VALUE FOR SPECIAL 
DTCCPiPT:"U ALL COU3ITIOSS CO::D!TION 
k'elqh,t of Pa).l~><! (lbs) 0.0 
Ro:: :enter Hcl<;?t, Tractor Front 
Suspension ( ~ n )  37.70 
Ro!i Center Helqht, Tractor Rear 
Suspension (in i 30.30 
Roll Center Height, Trailer Suspenslon (in) 25.60 
Compliance Steer (deq. in) 0.0 
Roll Steer Coefficient, Tractor Front 
Suspcnslon 0.27 
Roll Steer Coefficient, Tractor Rear 
Suspension 0.14 
Roll Steer Coeffrclent, Tra~ler Suspension 0.12 
Horlzontal Distance from Tractor Body 
X-Axls to Tractor Front Suspension (in) 16.30 
Horizontal Dlstance from Tractor Body 
X-AXIS to Tractor Rear ~uspenslon (in) 18.50 
Horlzontal Dlstance from Traller ~ o d y  
X - A X ~ S  to Traller suspension (ln) 19.00 
Maxlnurn Real Time for Simulation (sec) c 
Half Track, Tractor Front Axle (in) 40.00 
Half Track, Tractor Rear Axle(s) (ln) 36.00 
Half Track, Traller Axle (s) (in) 36.00, 
Initla1 Velocity (ft/sec) 
W1 Sprung Weight of Tractor (lbs) 
W 2 Sprung Welqht of Trailer (lbs) 
WS 1 Welqht of Tractor Front Suspension (lbs) 
WSZ Welqht of Tractor Front Tandem 
Suspension (lbs) 
WS 3 Weight of Tractor Rear Tandem 
Suspenslon (lbs) 
WS 4 Weight of Traller Front Tandem 
Suspension (lbs) 
WS 5 Weloht of Trailer Rear Tandem 
Suspenslon (lbs) 
***"arake Paraneters***** 




















Axle 1, Left Side 
IBRT Brake Type 
AC Brake Chamber Area (sq. in) 
EM Mechanical Effzclency 
FRAY Brake Fade Coefflclent 
PO Pushout Pressure (PSI) 
RD Drum Radlus (ln) 
ULH Mu Llninq, H ~ q h  
ULL Mu Lining, Low 
AB D~stance From Horizontal Centerline of 
Drum to Parallel Llne Through Shoe 
Contact Polnt ( ~ n )  
'Varies vlth expected duratlon of run. 
30 WH Tests 




30 MPH Tests 




















































Llnlnq Contact Angle (deg) 
Wedge Anqlc (dcg) 
Lining Offset Anqle (deg) 
Distance From Horizontal Centerline of 
Drum Parallel Llnc Through Point of 
Actuatinq Force (ln) 
Distance From Vertlcal Centerline of 
Drum to Parallel Line Through Shoe 
Contact Point (in) 
Axle 2, Left Side 
Brake Type 
Brake Chamber Area (sq. in) 
Mechanical Efficlenty 
Brake Fade Coefflcient 
Pushout Pressure (PSI) 
Drum Radius (in) 
Mu Lining, Hiqh 
Mu Lining, Low 
Distance From Horizontal Centerline of 
Drum to Parallel Line Through Shoe 
Contact Point (in) 
Lining Contact Anqle (deg) 
Wedge Angle (deg) 
Lining Offset Angle (deg) 
Distance From Horizontal Centerline of 
Drum Parallel Line Through Point of 
Actuating Force (in) 
Distance From Vertical Centerline of 
Drum to Parallel Line Through Shoe 
Contact Point (in) 
Axle 3, Left Side 
Brake Type 
Brake Chamber Area (sq. in) 
Mechanical Efflclency 
Brake Fade Coefflcient 
Pushout Pressure (PSI) 
Drum Radius (in) 
Mu Lining, Hiqh 
Mu Lining, Low 
Distance From Horizontal Centerline of 
Drum to Parallel Line Through Shoe 
Contact Point (in) 
Lining Contact Angle (deg) 
Wedge Anqle (deql 
Lining Offset Angle (deg) 
Distance From Horizontal Centerline of 
Drum Parallel Line Through Point of 
Actuating Force (in) 
Distance From Vertical Centerline of Drum 
to Parallel Line Through Shoe Contact 
Point (in) 
Axle 4, Left Side 
Brake Type 
Brake Chamber Area ( s q .  in) 
Mechanical Efflclency 
Brake Fade Coeffrcient 
Pushout Pressure (PSI) 
Drum Radius (in) 
Mu Lining, Hlgh 
Mu Lining, Low 
Linrng Contact Anqle (deg) 
ALPHO ( 4 )  + 2*ALPH1(4) (deg) 
Radlal Dlstance From Center of Drum to 
Shoe Pln (rn). 
VALUE FOR SPECIAL 







30 MPH Tests 








30 MPH Tests 








30 MPH Tests 




















VALUE FOR SPECIAL 
ALL CONDITIONS CONDITION 
Distance From Horizontal Centerline Through 
Shoe Pln to Parallel Line Through Connector 
Contact Point ( ~ n )  
Cam Radius (ln) 
Slack Adluster Lenqth (ln) 
Axle 5, Left Slde 
Brake Type 
Brake Chamter Area ( s q .  in) 
Mechanical Efficiency 
Brake Fade Coefflc~ent 
Pushout Pressure (PSI) 
Drum Radlus ( ~ n )  
Hu Lining, High 
Mu Lining, Low 
Lining Contact Angle (deg) 
ALPHO(5) + 2*ALPHl(5) (deg) 
Radial Distance From Center of Drum to 
Shoe Pin (in) 
Distance Prom Horizontal Centerline Through 
Shoe Pin to Parallel Line Through Connector 
Contact Point (in) 
Cam Radius (in) 
Slack Adjuster Length (in) 
30 MPH Tests 





Tire D a t a  
T i r e  2 a t a  
The d a t s  p r e s e ~ t e d  i r  t h i s  appecdix was measured os t h e  HSRI f l a t  bed t i r e  
t e s t  nachine . Psr  t h e  1S.3C-22 t i r e s ,  l a t e r a l  f o r c e  acd a l i p c i c g  to rque  a r e  p re -  
sented each a s  a  f l ~ n c t i o n  of normal b a d  and i n f l a t i g n  p r e s s x e .  t h e i r  l ~ n g i t u d i -  
r. a 1  s t i f f n e s s  ar.d v e r t i c a l  s p r i r . ~  r a t e  a r e  given a t  s e l e z t e c  !.oads and i n f l a t i o n  
p ressures  . 
Foll3wir.g t h e  10.CS-2S t i r e s ,  c e r t a i  r. other  t i r e s  a r e  presented . This d a t a  
i s  r o t  a s  exter, s i v e  a s  t h e  1C.C3-20 d a t a ,  s i n c e  t h e  t e s t s  ;.rere run  a t  onl:; one i n -  
f l a t i o n  p r e s s u r e  . 3 a t a  f o r  p a r t i c u l a r  t i r e s  nay be l o c a t e d  through t h e  Kse of t h e  
f  311~~4i r .g  t a b l e  . 
1 C  . ~ 8 0 - 2 3 / ~  Highwa;y Tread ............................ 185 
... 1 3  . Q ~ - ~ c / G  .I lghway Tread . . . . . . . . . . . . . . . . . . . . . . . . . . . .  187 
1: J3-2C IF Lug Tjpe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  189 
. . . . . . . . . . . . . . . .  1 C  . 0 ~ - 2 1 2 / ~  Competetive 3i;rhway Tread 191 
10  . c C-2 3 / ~  Half Worn Highwa:! Tread .................. 1-93 
................. 1 3  . ~ 3 - 2 ' 3 / ~  F u l l y  Nor r. Highway; Tread 194 
8 . 2 5 - 2 0 / ~  Highway Tread . . . . . . . . . . . . . . . . . . . . . . . . . . . .  195 
9 . 0 0 - 2 6 / ~  F i g h a y  Tread ............................ 196 
5 . 3 0 - 2 0 / ~  Highway Tread ............................ 197 
1 1 . 0 0 - 2 2 / ~  Eighway Tread ............................ 198 
............................ 1 1 . 0 0 - 2 2 / ~  Highwa?; Tread 199 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  11.30-22. =/? Eighway Tread 200 
............................ 1 2 . 0 0 - ~ O / G  Highway Tread 201 
............................ 12.00-22. ;/F :<igh\qay Tread 202 
............................ l 2 . 5 - 2 2 . 5 / ~  Eighway Tread 203 
... . . . . . . . . . . . . . . . . . . . . . . . . . . . .  15  . CC-22 . = / H  .I l g h ~ a y  Tread 204 
8 . 0 @ - 2 2 . 5 / ~  (s ingle)  Highway Tread . . . . . . . . . . . . . . . . . . . . . . . . . . . .  203 ... 8.20-22.  5 / ~  (Dual)  ri~ghway Tread ............................ 206 
Tire :  Highway Tread 1@.20/F ( N e w )  R i m :  2 0 ~ 7 . 5 0  
LATERAL FCRCE vs SLIP ANGLE AND VERTICAL LOAD 
Ver t ica l  I n f l a t i o n  La te ra l  Force a t  Indicated S l i p  Angle (degs.  ) 
Load Pressure 
( l b s . )  ( p s i )  1 2 4 8 I;! It- ----- 
: 0 245 444 758 1038 1195 1160 
14 00 85  214 399 688 971 lc50  111: 
100 190 360 681 1088 121.8 1309 
ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD 
Ver t i ca l  I n f l a t i o n  Aligning Torque a t  Indicated S l i p  Angle (degs.  ) 
Load Pressure 
( l b s .  ) ( p s i )  1 2 4 8 12 16 ----- 
50 23 36 41  21  5 o 
1400 8 5 18 30 6 20 7 4 
100 15  26 38 33 16 5 
*-indicates loads beyond t h e  capaci ty of  the  load c e l l s  
ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD (Continued) 
V e r t i c a l  I n f l a t i o g  
Load Pressure  
( l b s  . ) ( p s i )  
50 
6700 8 5 
100 
Aligning Torque a t  Ind ica ted  S l i p  Argle (degs . ) 
1 2 4 8 12 16  
_ I - - -  
147 273 L57 561 500 346 
126 229 358 372 313 235 
111 201 570 478 584 278 
176 329 567 751 715 591 
153 281 458 439 316 
135 250 484 636 543 376 
1% 368 644 890 900 800 
7 3  323 533 618 561 -- 
4 288 580 708 685 --  
CIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NOWAL LOAD 
V e r t i c a l  I n f l a t i o n  V e r t i c a l  
Load P r e s s w e  Cs  Spr ing Rate 
( ~ b s . )  ( p s i )  ( ~ b s  . ) ( l b s .  / i n .  ) 
50 
2800 8 5 28,000 
100 
Tire :  Highway Tread l O - S / G  ( ~ e w )  R i m :  2 0 ~ 7 . 5 0  
Ver t i ca l  I n f l a t  ion  La te ra l  Force a t  Indicated S l i p  Angle (deps.  ) 
Load Pressure 
( l b s .  ) ( p s i )  1 2 4 8 12 16 ------ 
50 261 472 795 1099 1210 1304 
14 00 85 252 449 706 1027 1159 ~ 4 2  
100 210 416 759 1120 1195 1152 
ALIGNING TORQUE vs SLIP ANGLG AND VERTICAL LOAD 
Ver t i ca l  I n f l a t  ion Aligning Torque a t  Indicated S l i p  Angle (degs . ) 
Load Fressure 
( l b s .  ) ( p s i )  1 2 4 8 12 16 ------
50 21 36 4 1  18 3 2 
14 00 8 5 21 32 3 5 21 7 1 
100 17 29 40 30 8 0 
ALIG;JI?IG T?R/,ITE vs SLIP ANGLE Ah3 ' E R T I C A L  L?AD (con t inued)  
V e r t i c a l  
Load 
( l b s . )  
I n f l a t i o n  Al igc ing  Torque a t  Ind ica ted  S l i p  Acgle (degs .  ) 
Pressure  
( p s i )  
CIIiCUM7ERENTIAL STIFFKESS vs SLIP ANGLE AND NORMAL LOAD 
V e r t i c a l  
Load 
( l b s .  ) 
I n f l a t i o n  V e r t i c a l  
P r e s s w e  
s  
Spring Rate 
( p s i )  ( l b s . )  ( l b s . / i n . )  
50 2857 
85 50, O c O  4363 
100 5512 
Tire :  Lug Type 10 -20F  ( ~ e w )  R i m :  2 0 ~ 7 . 5 0  
LATERAL FORCE vs SLIP ANGLE AND VERTICAL LOAD 
Ver t ica l  I n f l a t i o n  
Load Pressure 
( l b s . )  ( p s i )  
50 
14 00 8 5 
100 
50 
2800 8 5 
100 
La te ra l  Force a t  Indicated S l i p  Angle (degs.  ) 
1 2 4 a 12 16 ------ 
249 464 710 1103 7838 1559 
195 7 3  625 946 1149 1380 
199 373 664 1067 1235 1213 
405 771 1262 2017 1234 2892 
342 660 1145 1772 2168 2614 
349 663 1202 1980 2277 2324 
ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD 
Ver t ica l  I n f l a t i o n  Aligning Torque a t  Indicated S l i p  Angle (degs.  ) 
Load Pressure 
( l b s . )  ( p s i )  1 2 4 8 12 16 ------ 
50 22 39 38 30 10 1 
14 00 8 5  19 30 37 3 5 23 8 
100 16 26 40 37 22 8 
60 105 126 116 55 37 
4 3 76 104 loo  69 43 
4 1  73 109 116 75 3 2 
ALIGNING TORQUE VS SLIP ANGLE AND VJ3RTICAL LOAD (con t inued)  
V e r t i c a l  I n f l a t i o n  
Load Pressure  
( l b s . )  ( p s i )  
Al igning Torque a t  Ind ica ted  S l i p  Angle (degs . ) 
CIRCUMFERENTIAL STIFFNESS vs  SLIP ANGLE AND NORMAL LOAD 
V e r t i c a l  I n f l a t i o n  V e r t i c a l  
Load Pressure  Cs  Spr ing Rate 
( ~ b s .  ) ( p s i )  ( ~ b s .  ) ( ~ b s .  / i n . )  
5 0 
28 00 85 20,000 
100 
Tire :  Competitive Highway Tread 10 -20 /~  (NW) Rim: 2 0 ~ 7 . 5 0  
LATERAL FORCE vs SLIP ANGLE AND VERTICAL LOAD 
Ver t ica l  In f l a t ion  Latera l  Force a t  Indicated S l ip  Angle (degs. ) 
Load Pressure 
( l b s . )  ( p s i )  1 2 4 8 12 16 ------ 
50 273 475 912 U09  1466 1382 
14 00 85 203 378 657 1002 1148 1197 
100 260 384 655 1082 1257 1157 
ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD 
Ver t ica l  In f l a t ion  Aligning Torque a t  Indicated S l ip  Angle (degs. ) 
Load Pressure 
( l b s  . ) ( p s i )  1 2 4 8 12 16 ------ 
50 29 40 63 42 18 2 
14 00 85 17 27 34 28 13 5 
100 12 28 33 33 15 1 
ALIGDiING TOIILUE vs SLIP ANGLE AM) VERTICAL LOAD (continued) 
Ver t ica l  I n f l a t i o n  Aligning Torque a t  Indicated S l ip  Angle (degs .  ) 
Load Pressure 
( l b s  . ) ( p s i )  1 2 4 8 12 16 ------ 
50 167 285 551 711 k39 378 
67 00 8 5 114 208 334 384 283 171 
100 112 202 320 443 332 144 
CIRCUMFE,RENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD 
Ver t ica l  I n f l a t i o n  Ver t ica l  
Load Pressure 5 Spring Rate 
( l b s . )  ( p s i )  ( l b s  . ) ( l b s . / i n . )  
50 
280C 85 33,000 
100 
Tire:  Half Worn Highway Tread 1 0 - 2 0 / ~  R i m :  20~7.50  
LATERAL FORCE vs. SLIP ANGLE AND VERTICAL LOAD 
Ver t i ca l  I n f l a t i o n  La te ra l  Force a t  Indicated S l i p  Angle (degs .) 
Load Pressure 
( ~ b s .  ) ( p s i )  1 2 4 8 12 16 ------
1400 85 363 620 965 1278 1 6  1835 
ALIGNING TORQUE vs. SLIP ANGLE AND VERTICAL LOAD 
Ver t i ca l  I n f l a t i o n  Aligning Torque a t  Indicated S l i p  Angle ( degs, ) 
Load Pressure 
( ~ b s . )  ( p s i )  1 2 4 8 12 16 ------ 
1400 85  32 43 41 18 I.:' 6 
2800 85 81 126 132 85 70 41 
CIRCUMFEXENTIAL STIFFNESS vs. SLIP ANGLE AND NORMAL LOAD 
Ver t i ca l  I n f l a t i o n  Ver t i ca l  
Load Pressure Cs Spring Rate 
( l b s . )  ( p s i )  ( l b s . )  ( l b s . / i n .  ) 
5430 85 52,000 3939 
T i r e :  F u l l y  Worn Highway Tread 10-20/F R i m :  2 0 ~ 7 . 5 0  
LATERLL FORCE vs. SLIP NJGL3 P N D  VERTICAL LOAD 
v e r t i c a l  I n f l a t i o n  L a t e r a l  Force a t  Ind ica ted  S l i p  Angle ( d e g s . )  
Load Pressure  
( ~ b s . )  I p s i )  1 2 4 8 12  16 ------ 
1400 8 5 391 769 1169 1426 1529 1649 
ALIGIIING TORQUE vs. SLIP ANGLE AND VERTICAL LOAD 
V e r t i c a l  I n f l a t i o n  Aligning Torque a t  I n d i c a t e d  S l i p  .Angle (degs . )  
Load Pressure  
( I ~ s . )  ( p s i )  1 2 4 8 12  16 - - - - . - . -  
1400 85 32 52 45  14 3 2 
CIRCUMFERENTIAL STIFFNESS vs. SLIP ANGLE AND NORMAL LOAD 
V e r t i c a l  I n f l a t i o n  V e r t i c a l  
Load Pressure  s Spr ing  Rate 
j l b s  . ) i p s i )  j l b s . )  ( l b s  . / in . )  
5430 85 60,000 4600 
Tire:  Highway Tread 8.25-20/E R i m :  20x7. 00 
LATERAL FORCE vs SLIP ANGLE AND VERTICAL LOAD 
Ver t ica l  I n f l a t  ion La te ra l  Force st Indicated S l i p  Angle (debrs. ) 
Load Pressure 
( l b s . )  ( p s i )  1 2 4 8 I,? 1t- ------ 
Uoo 85 188 368 6 969 1137 1001 
ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD 
Ver t i ca l  I n f l a t  ion Aligning Torque a t  Indicated S l ip  Angle (degs . ) 
Load Pressure 
( ~ b s . )  ( p s i )  1 2 4 8 12 16 ------ 
1300 8 5 16 30 40 32 17 4 
CIRCUMFEFENTUL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD 
Ver t i ca l  In f l a t ion  Ver t ica l  
Load Pressure Cs Spring Rate 
( ~ b s . )  ( p s i )  ( ~ b s .  ) ( ~ b s .  / in .  ) 
13 00 8 5 14 , 000 
Tire: Highway Tread 9 - 2 0 / ~  R i m :  2 0 ~ 7 . 0 0  
L4TE-XL FrJ3CE vs SLIP ANGLE AND VERTICAL LOAD 
Vert ical  In f l a t i on  Latera l  Force a t  Indicated S l ip  Angle (degs. ) 
Load Pressure 
( l b s .  ) ( p s i )  1 2 4 8 12 16 - - - -  
15 00 8 o 216 388 632 911 1026 1048 
A L I G N I N G  TORQUE vs SLIP ANGLE AND VERTICAL LOAD 
Ver t ica l  In f l a t i on  Aligning Torque a t  Indicated S l ip  Angle (degs . ) 
Load Pressure 
( l b s .  ) ( p s i )  1 2 4 8 12 16 ------ 
13 00 80 19 29 32 19 8 0 
CIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD 
Ver t ica l  In f l a t i on  Ver t ica l  
Load F r e s s ~ r e  Cs Spring Rate 
( I b s .  ) ( p s i )  ( ~ b s .  ) ( ~ b s .  /in. ) 
13 00 83 14,000 
Tire :  Highway Tread 9-2C/F R i m :  2 0 ~ 7 . 0 0  
LATERAL FORCE vs SLIP ANGLE AND VERTICAL LOAD 
Vert i c a l  
Load 
( l b s . )  
14  00 
I n f l a t i o n  
Pressure 
( p s i )  
8 5 
L a t e r a l  Force a t  Indicated S l i p  Angle (degs ,  ) 
ALIGNING TORGUE vs SLIP ANGLE AND VERTICAL LOAD 
Ver t i ca l  
Load 
( l b s .  ) 
14 00 
I n f l a t i o n  
Pressure 
( p s i )  
8 5 
Aligning Torque a t  Indicated S l i p  Angle 
CIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NOREnAL LOAD 
Ver t i ca l  I n f l a t i o n  Ver t i ca l  
Load Pressure Cs Spring Rate 
( ~ b s  . ) ( p s i )  ( ~ b s .  ) ( ~ b s .  / in .  ) 
14 00 8 5 16,000 
T i r e :  Highway Tread 1 1 - 2 2 / ~  R i m :  2 2 ~ 8 . ~ 0  
LATERAL FCRCE vs SLIP AKGLE AND VERTICAL LOAD 
V e r t i c a l  I n f l a t  ion  L a t e r a l  Force a t  Ind ica ted  S l i p  Angle (degs .  ) 
Load Pressure  
( l b s .  ) ( p s i )  1 2 4 8 12 16 - - - -  
2100 85 268 508 90: 1428 2003 2269 
ALIGNING TORqLJE vs SLIP ANGLE AND VERTICAL LOAD 
irert i c a l  
Load 
( l b s . )  
2100 
I n f l a t i o n  Aligning Torque a t  Ind ica ted  S l i p  Angle (degs . ) 
Pressure  
CIRC~ilFERENTLAL STIFFNESS vs SLIP ANGLF AXE NOFNAL LOAD 
V e r t i c a l  I n f l a t i o n  V e r t i c a l  
Load Pressure  cs Spring Rate 
( ~ b s . )  ( p s i )  ( ~ b s .  ) ( ~ b s .  / i n .  ) 
2100 85 21,000 
Tire :  Highway Tread 11-22:G R i m :  2 2 ~ 8 . 5 0  
LATERAL FORCE vs SLIP ANGLE AND VERTICAL LOAD 
Ver t i ca l  I n f l a t i o n  La te ra l  Force a t  Indicated S l i p  Angle (deps .  ) 
Load Pressure 
( l b s . )  ( p s i )  1 2 4 8 12 It, ------ 
ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD 
Ver t i ca l  I n f l a t i o n  Aligning Torque a t  Indicated S l i p  Angle (degs.  ) 
Load Pressure 
( l b s .  ) ( p s i )  1 2 4 8 12 16 ------ 
2 100 9 0 28 46 77 7 5  46 - 5 
CIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD 
Ver t i ca l  I n f l a t i o n  Ver t i ca l  
Load Pressure Cs Spring Rate 
( l b s . )  ( p s i )  ( l b s . )  ( l b s . / i n . )  
2100 90 23,000 
T i r e :  Highway Tread 1 1 - 2 2 . 5 / ~  Rim: 22. ~ ~ 8 . 2 5  
LATWFL FORCE vs . SLIP ANGLE A N D  VERTICAL LOAD 
V e r t i c a l  I n f l a t i o n  L a t e r a l  Force a t  Ind ica ted  S l i p  Angle (degs . )  
Load Pressure  
( ~ b s  . ) ( p s i )  1 2 4 8 12 16 ------
ALIGI\III\TG TORQUE vs. SLIP ANGLE AND VERTICAL LOAD 
V e r t i c a l  I n f l a t i o n  Aligning Torque a t  Ind ica ted  S l i p  Angle (degs . )  
Load Pressure  
( I ~ s . )  ( p s i )  1 2 4 8 12 16 ------  
1800 85 18 36 48 45 27 10 
CIRCUMFERENTIAL STIFFNESS vs . SLIP ANGLE AND NORMAL LOm 
V e r t i c a l  I n f l a t i o n  V e r t i c a l  
Load Pressure  Cs  Spr ing  Rate 
( l b s . )  f p s i )  ! l b s  . ) ( l b s  . / i n . )  
1800 85 18,000 
Tire : Highway Tread 1 2 - 2 0 / ~  Rim: 20x8, w 
LATERAL FORCE vs. SLIP ANGLE ANT) VERTICAL LOAD 
Ver t i ca l  I n f l a t i o n  La te ra l  Force a t  Indicated S l i p  Angle (degs.  ) 
Load Pressure 
(1bs.1 ( p s i )  1 2 4 8 12 16 ------ 
2100 80 391 741 1245 1746 204'7 2189 
ALIGNING TORQUE vs . SLIP ANGLE AND VERTICAL LOAD 
Ver t i ca l  I n f l a t i o n  Aligning Torque a t  Indicated S l i p  Angle ( degs . ) 
Load Pressure 
( I W  ( p s i )  1 2 4 8 12 16 ------ 
2100 80 48 82 1-04 76 42 16 
CIRCUMFERENTIAL STIFFNESS vs . SLIP ANGLE ANTI NORMAL LOAD 
Ver t i ca l  I n f l a t i o n  Ver t i ca l  
Load Pressure s Spring Rate 
( l b s . )  ( p s i )  ( l b s . )  f lbs . / in .)  
2100 80 23,000 
Ti re :  Highway Tread 12-22.? /F Rim: 22.5x8.50 
LATERAL FORCE vs SLIP ANGLE: AND VERTICAL LOAD 
V e r t i c a l  I n f l a t i o n  L a t e r a l  Force a t  Indicated S l i p  Angle (degs.  1 
Load Pressure  
( l b s  . ) ( p s i )  1 2 .4 8 12 16 ------ 
ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD 
V e r t i c a l  I n f l a t i o n  Aligning Torque a t  Indicated S l i p  Angle (degs .  ) 
Load Pressure  
( ~ b s  . ) ( p s i )  1 2 ii 8 12 16 - - - - - -  
2000 8 3 3 5  55 67 40 14 - 1 
CIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD 
V e r t i c a l  I n f l a t i o n  V e r t i c a l  
Load Pressure  Cs Spring Rate 
( l b s .  ) ( p s i )  ( l b s . )  ( l b s . / i n .  ) 
2000 8 5 20,000 
Tire :  Highway Treed 1 2 . 5 - 2 2 . 5 1 ~  R i m :  22.5x8.25 
LATERAL FORCE vs SLIP ANGLE AND VERTICAL LOAD 
Ver t i ca l  I n f l a t i o n  La te ra l  Force a t  Indicated S l i p  Angle (degs. ) 
Load Pressure 
( ~ b s .  ) ( p s i )  1 2 4 8 12 16 ------ 
1960 90 284 540 956 1344 1623 1770 
ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD 
Ver t ica l  I n f l a t i o n  Aligning Torque a t  Indicated S l ip  Angle (degs. ) 
Load Pressure 
( ~ b s . )  ( p s i )  1 2 4 8 12 16 ------ 
CIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD 
Ver t ica l  I n f l a t  ion  Ver t ica l  
Load Pressure Cs Spring Rate 
( ~ b s .  ) ( PS i) ( ~ b s  . ) ( ~ b s  . / in4  ) 
1960 90 21,000 
T i r e :  Highway Tread 15-22.5,/3 Rim: 2 2 . 5 ~ 1 1 . 7 5  
LATE3AL 7CRCE vs SLIP ANGLE AND VERTICAL LOAD 
V e r t i c a l  I n f l a t i o n  L a t e r a l  Force a t  1r.dicated S l i p  Angle (degs .  ) 
Load Pressure  
( ~ b s . )  ( p s i )  1 2 4 8 12 16 ------ 
ALIGNING TORQUE vs SLIP AIJGLZ AND VERTICAL L3AD 
V e r t i c a l  1r.f l a t i o n  Aligning Torque a t  Ind ica ted  S l i p  Angle (degs  . ) 
Load Pressure  
( ~ b s . )  ( p s i  1 2 4 8 12 16 - - -  
29083 90 44 7 1  86 63 29 10 
CIRC'JMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORW LOAD 
't iert ical  I n f l a t i o n  V e r t i c a l  
Load Pressa re  s Spring Rzte 
( ~ b s . )  ( p s i )  ( ~ b s  . ) ( ~ b s  . / i n .  ) 
2900 9 0 47,000 
Tire :  Highway Tread 8-22. ?/D: Single Rim: 22.5~5.2 :  
LATERAL FORCE vs SLIP ANGLE AND VERTICAL LOAD 
Vert ica l  In f l a t ion  La te ra l  Force a t  Indicated S l i p  Angle (degs.  ) 
Losd Pressure 
( l b s .  ) ( p s i )  1 2 4 8 12 16 ------
900 6 5 153 292 447 643 712 748 
ALIGNING TORQUE vs SLIP ANGLE AND VERTICAL LOAD 
Ver t ica l  In f l a t ion  Aligning Torque a t  Indicated S l i p  Angle (degs . ) 
Load Pressure 
( ~ b s . )  ( p s i )  1 2 4 8 12 16 ------ 
4500 65 loo 186 275 322 272 191 
CIRCUMFERENTIAL STIFFNESS vs SLIP ANGLE AND NORMAL LOAD 
Ver t ica l  I n f l a t i o n  Ver t ica l  
Load Pressure s Spring Rate 
( l b s . )  ( p s i )  ( l b s . )  ( l b s . / i n .  ) 
2750 6 5 31,000 2690 
T i r e  : Highway Tread 8-22.513 : Dual R i m :  22.5x5.25 
LAmRAL FORCE vs SLIP ANGLE ADD VERTICAL LOAD 
V e r t i c a l  I n f l a t i o n  L a t e r a l  Force a t  Indicated S l i p  Angle (degs . ) 
Load Pressure  
( l b s . )  ( p s i )  1 2 4 8 12 16 ------ 
1800 6 5 294 543 911 1249 1394 1452 
ALIGNING TORSLUE vs SLIP ANGLE AND VERTICAL LOAD 
V e r t i c a l  I n f l a t  i o n  Aligning Torque a t  Indicated S l i p  Angle (degs . ) 
Load Pressure  
( l b s . )  ( p s i )  1 2 4 8 12 16 ---- -- 
1 8 0 ~  65 27 42 49 2 1  6 -c( ? )  
CIRCUMFERENTIAL STIFFPJESS vs SLIP AXGLE AND NORMAL LOAD 
V e r t i c a l  I n f l a t i o n  V e r t i c a l  
Load Pressure  Cs Spring Rate 
( l b s . )  ( p s i )  ( l b s .  ) ( l b s . / i n . )  
5500 6 3 54,000 1556 
APPENDIX H 
A Short Algorithm t o  Assist  in the Choice of t he  Ti re  Parameters 
A S h o r t  Algorithm To A s s i s t  I n  
The Choice Of T i r e  Parameters 
The purpose of t h i s  program i s  t o  g ive  t h e  u s e r  f a c i l i t y  t o  f i n d  o u t  what 
s h e a r  f o r c e s  t h e  t i r e  model w i l l  p r e d i c t ,  g iven any combination of kinemat ic  var- 
i e b l e s  and t i r e  pa ramete r s ,  Thus it i s  env i s ioned  t h a t  t h i s  a l g o r i t h m  rnay be 
used f o r  "c?lrve f i t t i n g "  c a r p e t  p l o t s ,  a s  i n  Sec t io r .  3.2.2,  o r  f o r  examining t h e  
p red ic ted  i n t e r a c t i o n  of l o n g i t u d i n a l  s l i p  and s i d e s l i p  t o  produce s h e a r  f o r c e s  
a t  t h e  t i r e  road i n t e r f a c e .  
The fo l lowing  examples a r e  g i v e n  below: 
1. Using t h e  r a t e d  load  of 5430 l b s .  f o r  t h e  t i r e  considered i n  d e t a i l  i n  
S e c t i o n  3.2.2, a s  ,)!ell a s  t h e  measured values  C and C s ,  and w i t h  FA s e t  t o  ze ro  
CY 
i t o  match t i r e  t e s t  machine d a t a )  and M, s e t  t o  .85,  l a t e r a l  f o r c e  vs.  s i d e s l i p  
angle  a r e  computed. Note t h e  correspondence t o  F igure  3-3c. 
2. With t h e  suggested curve f i t  parameters  KF = 1.7, E = 9, l a t e r a l  f o r c e  
vs .  s i d e s l i p  ang le  I s  zga in  computed. Note t h e  cwrespondece  t o  F igure  3-3d. 
3. T i r e  parameters  from ( 2 )  a r e  a g a i n  used wi th  one excep t ion ;  FA i s  s e t  
t o  .00". Longi tud ina l  s l i p  is  s e t  t o  0 .1 .  Note t h e  correspondence w i t h  F igure  
3-5a. 
4. A p-s l ip  curve is  c a l c u l a t e d  w i t h  t h e  t i r e  parameters  from ( 3 )  and wi th  
the  s i d e s l i p  ang le  s e t  t o  16". Note t h e  correspondence w i t h  F igure  3-5b. 
ENTER PARAMETERS I N  F-FORMAT 
U,J= 4 4 .  
CALPHA = 5 2 3 .  
MUZERO = . 8 5  
F A =  0.  
F Z  = 5 4 3 0 ,  
K F  = 0. 
ALPHABAR = 0.  
1 UW= 4 4 , 0 0 0 0 0  
2  C S =  4 2 0 0 0 . 0 0 0 0 0  
3 CA= 523.00000 
8 ALPHABAR = 0.0 
* * * * * * * * * * * * * * *  
USER OPTIONS-ENTER A 1 FOR FYW VS. ALPHA 
ENTER A 2 FOR FXW VS. S L l P  
ENTER A 3 FOR BOTH OPTIONS 
ENTER A ZERO T 3  RESTART I N P U T  
FOR FYW CURVE, ENTER S L l P  VALUE: 0. 
ALPHA FYW 
I D W N G E  VARIABLES:  ENTER A 1 TO CHANGE A L L  
ENTER A 2 TO CHANGE ONLY A FEN INPUT VARIABLES 
ENTER A 3 TO R E T A I N  V A R I A B L E  VALUES FOR A FYW 
VS. ALPHA GRAPH 
ENTER A 4 TO R E T A I N  V A R I A B L E  VALUES FOR A FXW 
VS. S L I P  GRAPH 
ENTER A ZERO TO TERMINATE PROGRAM 
ENTER NO. OF PARAMETERS TO BE CHANGED 
2 
ENTER THE I V A R I A B L E  NUMBERS I N  12  FORMAT 
SEPARATE BY COMMAS 
07,08 
ENTER CORRECTIONS: 
KF  = 1 . 7  
ALPHABAR = 9. 
USER OPTIONS-ENTER A 1 FOR FYW VS. ALPHA 
ENTER A 2 FOR FXW VS. S L l P  
ENTER A 3 FOR BOTH OPTIONS 
ENTER A ZERO TO RESTART INPUT 
FOR FYW CURVE,ENTER S L l P  VALUE: 0, 
A L P H A  FYW 
D CHANGE V A R I A B L E S :  ENTER A  1 TO CHANGE A L L  
ENTER A  2  TO CHANGE ONLY A  F E N  I N P U T  V A R I A B L E S  
ENTER A  3 TO R E T A I N  V A R I A B L E  V A L U E S  FOR A  FYM 
VS. A L P H A  GRAPH 
ENTER A  4 TO R E T A I N  V A R I A B L E  V A L U E S  FOR A  F X I l  
VS. S L l P  GRAPH 
ENTER A  ZERO TO TERM1 N A T E  PROGRAM 
E N T E R  NO, OF PARAMETERS T O  B E  CHANGED 
1 
ENTER T H E  I V A R I A B L E  NUMBERS I N  1 2  FORMAT 
S E P A R A T E  BY COMMAS 
0  5 
E N T E R  C O R R E C T I O N S :  
F A =  0 . 0 0 5  
USER O P T I O N S - E N T E R  A 1 FOR FYW VS.  A L P H A  
ENTER A  2 FOR FXW VS. S L l P  
ENTER A  3 FOR BOTH O P T I O N S  
ENTER A  ZERO TO R E S T A R T  I N P U T  
FOR FYW Ci lRVE, ENTER S L l  P  V A L U E :  .1 
A L P H A  FY W 
FOR FXW CURVE,ENTER A L P H A  V A L U E :  1 6 .  
S L l  P FXW 
1: I!? 
TO CHANGE V A R I A B L E S :  ENTER A 1 T O  CHANGE A L L  
ENTER A 2 TO CHANGE ONLY A F E N  I N P U T  V A R I A B L E S  
ENTER A 3 TO R E T A I N  V A R I A B L E  V A L U E S  FOR A FYW 
VS. A L P H A  GRAPH 
ENTER A 4 TO R E T A I N  V A R I A B L E  V A L U E S  FOR A F X W  
VS. S L I P  GRAPH 
ENTER A ZERO TO TERM1 N A T E  PROGRAM 
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